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INTRODUCTION 


The two parts of the earth’s surface studied in this work are very 
unequal in size. If we define the coastal zone as the intertidal zone it 
covers, accofding to Ph. H. Kuenen, only 150,000 sq. km., but the 
exact area is diflScult to calculate as a result of estuaries. One of the 
greatest widths exposed by the tide, 20 km. or moie, is found in the bay 
of Mont-Saint-Michel. 

In practice, the zone affected by Aastal processes is somewhat 
greater than this, since we have to consider cliffs and an area below low 
water springs, the exact extent of which is a matter for discussion 
(pp. 19 2'. J 6q). Thus, we are dealing with the zone where subaerial, 
submarine, and purely coastal processes interact. 

The submarine zone, if we consider its area, is of the greatest impor- 
tance in gcomorphology, since it covers 70 8 per cent, of the earth’s 
surface, excluding lakes. Its actual significance is not yet proportional 
to Its area, because direct visual study below 40-50 m. is still difficult, 
dangerou^ and rarely undertaken. Except in shallow water, all methods 
of investigation are ‘blind’. Although this state of affairs will probably 
be changed in the near future, the coastal zone is at present infinitely 
bitter known than the submarine zone. This is the reas'^n why we shall 
discuss it in some detail, but only give a general outlii of submarine 
geomorphology. Thus, the balance between the two paro of this work 
represents *thc present state of know ledge and is intended as no slight 
on the value of submarine research, which is as difficult as and more 
costly ^han research in deserts and high mountains. Vi’e sincerely hope 
that the submarine section of this book becomes rapidly out of date, 
and that before very long it will be possible to give^ fuller, more 
precise, and less hypothetical, but still geographical, account of the 
sea-floor. 

I wish to express my sincere thanks for help, information, and ad- 
vice, which they freely gave during the reparation of this w ork, to my 
teachers MM. de Martonne and Chollty as well as to MM. Baulig, 
Berthois, Pirot, Bourcart, Cailleux, Meynicr, and Tricart, to the chief 

t 
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INTRODUCTION 


hydrographic engineers MM. Gougenheim and Lacombe, to M. de 
Rouville, Inspector General of lighthouses and Buoys, to Professor 
Fairbridge of Columbia University and to all otl*ycrs who have helped. 

^ As the Frencji edition of this book appeared in 1954, modifications 
and additions haj:c been made here in the text and in bibliographies. 
I have been helped by the criticisms of Professors Baulig and Musset, 
and I have incorporated thb results of some recent advances in know- 
ledge, so tliat this is really a new edition and not merely a translation. 
Many thanks are due to Professor Steers, the originator of the Iinglish 
edition, and to Mr Sparks and the Rev. Kneese, w ho have prepared 
the t: mslation. 

A. G. 
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PART ONt 


Coastal Geomorphology 




Chapter I 


THE FORCES IN ACTION 


A. WAVES 

"here IS no jtoint, in coastal pcomorpholo^y, in dwelling at length on 
reaves in deep water, as these neither affect the sea-bed nor are affected 
y it. A few general points about such waves \sill suffice. Swell, which is 
iroduced by the wind but travels beyond the area where it is formed, is 
LOt affected by the sea-bed, as long as thc*depth is greater than approxi- 
[lately half the wave-length, i.e. the distance between two successive 
rests. Wave-lengths of more than 200 m. arc rare. On the other hand, 
he orbitai motion, imposed upon the molecules of water by the swell, 
Iocs not cause them to return 10 exactly the same positions, because 
he radius of rotation decreases with depth. Thus, the backward mouon 
n the troughs is less than the forward motion on the crests. Swell, 
hcreforc, creates a weak current in the ^amc direction as itself, as 
.iilbcrt realized in 1SS5. I'lnally, the si/e of the swell depends on the 
»pecd and juration of the wand and the fetch, or distance over which 
t has blow’n. I'lie increase in si/c of the waves is rapid at first but much 
dow'cr when the fetch exceeds i.ooo km. and the time is longer than 
50 hours i^Svcrdrup4ind Miink). 

If Jtv5 7icar the coast. Near thj coast swell undergoes two ty^pes of 
dcformatioif before breaking. 

(u) hi direction. It sviilcrs the same types of deformation as light ra\'S 
— refra^ion, reflection, and ditfraction, because it is a wave phenomenon. 

Refrai tiori is a change of direction due to the effect of the sea-floor 
and occurs when the depth is less than half the wave-length, provided 
that the isobaths aie not parallel to the wa\es. Its extent may be calcu- 
lated if we know the dirLjtion and length of the ir.iiial waves, the period 
of the waves, i.e. the time between the passing of successive crests, and 
the relief of the sca-bed, provided that the s* of the bed is not greater 

than I in 10. 'Fhe refraction formula is ^ where a is the angle 

sin t 
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between the wave crests and the isobaths at a given depth, c the speed 
at that depth, and a,) and c,, the values for the same in deco water. The 
result is that waves tend to become parallel to the isobaths, although, 
where they start very obliquely , they remain to some degree oblique right 
up to tlie shore. Irregular sea-floors give unexpected results, such as 
concentrations of crests at certain points on the coast (Fig. i a). A 
submarine valley perpendicular to tlie waves causes them to diverge 
and thus disperse their energy. A submarine ridge perpendicular to the 
waves causes a convergence of the waves and hence increases their 
attack. Isolated swells in the sea-floor cause the waves to converge in 
theL lee. 

Reflection is the reversal of a wave by some obstacle such as a jetty or 
a strongly sloping foreshore (Fig. i r). As in optics, the angle of inci- 
dence equals the angle of reflection. Reflection of swell approaching 
perpendicularly causes a scries of standing waves to be produced by the 
interference of approaching and reflected waves {cJopotis). If the waves 
approach obliquely, the approaching and reflected waves form a grid 
pattern. A vertical obstacle causes total reflection, d'he degree of re- 
flection decreases with the angle of the obstacle and is negligible when 
the slope is ver\' gentle. 

Diffraction (Fig. i f) occurs when a wave passes the end of an 
obstacle. The waves change direction and rapidly die out. Thus, al- 
though there is shelter in the lee of the obstacle, that shelter is not 
complete. 

(b) Apart from the changes in direction^ the wave undergoes a series 
of other changes before it breaks. One charactcrisnc, the period, remains 
constant. The other characteristics vary with the ^-atio // where // 
is the depth at any point and /. the wave-length in deep water. 'Fhe 
following changes occur: 

1. Decrease of the w'ave-length. 

2. Decrease of the speed of the wave. 

3. Increase of the steepness of the \^avc 'ratio between the height 
of the w’avc and its length). 

4. The w^ave system is simplified as short irregular waves which 
often complicate the swell in deep water, die out or arc greatly 
reduced. 

5. The orbital paths of the molecules are changed to ellipses: near 
the bottom the elliptical motion virtually becomes a to-and-fro 
movement. 

16 
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A. Rcfr;i»clion and cv'iKcn:rati»ui oi' w^cll rcspvMV'iMc lor the destruc- 
tion tT Lv'iijj: IkMch brcakujicr al'ier ihc Beacli ilro'^uMi Board. 1950 . 
n. \X’avc dclonnation caused by siiallowini^ v>:" the type shown in iv .alter 
W'cigcl, io*=.o (’. Winalion in hciiihi ot succcs‘'i\e at Arjaicllo 

Point, C^-alili)rnia .al'icr Folsom, 1949 • movement oi matcnal 

on beach caused by i)blique waves, I. 'Pidal currents always llowing m 
one dirccilit'n in a bay. i. Relies. iiv>n and dill’raction c'l swell by a break- 
water. G. nelonnalion ol the sea suriacc bv a sunn in the Zus der Zee 
(after Lorenis and Thiissc, in Kuenen, * } 0 \ H. HuiNtrom s curves 
(* 935 i P* 29S}. Logarithmic scales. I. Plunging breaker, j. Spilling 
breaker. 
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6. The profile of the wave becomes increasingly asymmetrical, the 
front becoming progressively steeper. This is caiwed by the 
decrease iri wave speed, which affects the fropt of the wave before 
the back. The back tends to overtake the front and so causes 
overturning 

Breaking is not directly iaused, as has been stated, by friction with 
the bottom. It seems to result from an excess of steepness, tlie maximum 
theoretical steepness being 014 according to Stokes. Breaking usually 
occurs when the ratio between the depth of the water and the height of 
the vave is bet^’een i i and 15, according to the form of the wave. 
All waves do not break at exactly the same point, because waves in a 
series are of unequal heights, as the swell consists of several series of 
waves superimposed on each other (Fig. i c). The result is that waves 
break not along one line but iit a zone. There arc two types of breaker: 
the plunging breaker (Fig. i i) and the spilhng breaker (Fig. i j). In 
the former the crest plunges vertically downwards: in the second, foam 
appears on the crest which steadily rides over the advancing waves. 
Thus, in this type, the breaking occurs over a wider zone than in the 
plunging breaker. Plunging breakers appear to result from regular un- 
refracted swells of no great steepness, breaking on a smooth bottom: 
spilling breakers result from waves of considerable steepness and 
commonly occur where strong winds arc blowing onshore. They are 
analogous with the white horses of deep water. 

The wave, after breaking, is changed into a wave of translation, the 
swash. It flows turbulently up the shore, but is retarded by the back- 
wash of the preceding w'ave, by gravity and by infiltrauon especially 
when the sand of the beach is not saturated. The backwash is far less 
turbulent than the uprush. The sw’ash is thus divided into an uprush 
and a backw'ash. 

Especially in storms, when spilling breakers predominate, and on 
beaches, such as those of the Landes of Gascony, where the waves are 
usually powerful, there may be two or three successive zones of spilling 
breakers. The^^ave of translation breaks again after its tirst uprush. 

The more gradual the slope of the beach, the smaller is the height 
of the breakers, other things being equal. Thus, on beaches with con- 
cave prof^es, the breakers arc smaller at low tide than at' high tide 
(cf. pp. 84-5). On rocky coasts, where the profile may be very different, 
exceptions which confirm this rule are found; for example, the highest 
breakers may occur at half-tide if the slope is steepest at that level, as 
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in the island of Scin (Guilchcr, r95i). On oceanic atolls where the slopes 
arc very stftep (cf. p. 120) breakers are very high because there is 
practically no retardation. 

The breaking wave erodes in a number of ways: it digs into the beach 
as it plunges down; it rolls and sorts material in the swaih; takes material 
into suspension in breaking and the uprush; deposits material at the 
end of the uprush; and causes sheet erosion in the backwash. The 
effects on the beach wj^l be examined in detail in Chapter III. The 
details of suspension arc unfortunately not well known. The American 
Beach Erosion Board found 17 per mille of sand in the water in the zone 
of breakers %nd only 3 per millc some 40 or 50 m. farther out to sea 
(Kuenen, 1950, p. 262). King found that on English beaches the layers 
of sand stirred up by waves did not exceed 4 cm. except in storms. 
Shells arc moved much more readily than sand: according to Aicnard 
and Boucot, the shells of icrcbratulic! brachiojx>ds arc moved by 
currents only one-icnih as powerful as those required to move pebbles 
of the same si/c. 

Waves bre^jkiijg against a clilf cause erosion by variations of pressure^ 
by impact, by hurling pebbles against the cliff and by spurting upwards. 
Pressure can be recorded by dynamometers 'Johnson, 1919/ pressures 
of 30 tons per square metre have been recorded, but such pressures 
arc very local and short-lived, 'fhey act both on the rock itself and on 
air compressed within the rock. As the pressure is released, a suction 
effect IS hilt. Impact is capable of moving enormous masses: a block of 
concrete weighing 2,600 tons was moved by the waves from ^^'ick 
harbour in Impact can also erode unconsolidated cliffs, but its 

effect on compa<.i,» non-)oinicd rock is more doubtful: Ciilbert 
p. Si) considered ii negligible. We will return to thi subject later 
(pp. 62-76). Bombardment by^ebbles is certainly much more ctfective 
both on tl*c clilf and on rovk exposed in the fore''horv. Water spurting 
upwards increases the vertical range of wave action, but can be reduced 
by ajYtopriate constructions which induce partial reflections of the 
waves. The action can extend as high as 60 m. or more: a block weighing 
20 tons was lifted 4 m. by such action at Iimuiden in Holland, while 
small pebbles can be flung up as high as the water itself. In storms 
blowing oijshorc, the .^purling water mav be I eaten down on to the top 
of the cliff by the wind, at Bcllc-lle m Brittany, sizable masses of 
w’ater arc hurled over a /one about 50 n wide at a height ot 40-50 m. 

At a depth of one-half the wave-length, the movement in the water is 
of its value at the surface and gravel can still be moved by large 
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waves. At a depth equal to the wave-length it is only Vaughan 
Comish (1898, pp. 531-2) believed that appreciable effects \vere caused 
by certain waves down to a depth of 270 m., w'hilr Johnson quoted the 
fact that stones, a pound in weight, were flung into lobster pots at a 
depth of 54 m. off Land’s End. But it seems that even at depths of only 
a few metres, according to the careful obser\'ations made by Bcrihois, 
there is little effect on material larger than gravel (cf. p. 69). 

Tsunamis, incorrectly called tidal waves, aje waves resulting from 
submarine earthquakes. They are isolated waves and not part of a 
sys'^m. They travel at high velocities (of the order of several hundred 
kilometres an hour) and result in a series of breakers at the\:oast, which 
may last hours or even days, with a periodicity of 8-100 minutes (cf. 
the period of normal waves which is only a few seconds). Such waves 
may cause severe erosion to a height of 40 m. Similar weaves arc pro- 
duced by masses of land or more frequently by the ends of glaciers 
collapsing into the sea. Such waves are of the greatest importance in 
the fjords of Greenland (Boye, p. 12) where the fetch is insufficient for 
the wind to produce large waves. 

Surf beats are waves obser\'ed sometimes on certain beaches with a 
period of about 2 minutes as a rule. They are superimposed on the 
general wave pattern and cause a displacement of the swash /one. In 
some w^ays, they resemble bores. They are probably due to the breaking 
of several large waves, follow ed by a calm. 

B. CURRENTS 

Wave currents. We have seen that the swell forms ar current in its own 
direction in deep w’ater. Breaking of waves also moves water towards 
the coast and has been accurately mcasi^rcd by floats. This w’ater must 
return and it has usually been said to return along the bottom (Vaughan 
Cornish, Riviere, and especially Ciilbcrt, who attributed an important 
role in coastal evolution to such movement'). However, doubtt have 
been cast on the existence of this undertow, and Davis f 1925) gathered 
evidence against it. Recently Shepard and other Californian workers 
(1941, 1950) have showm that the water returns as rip currents, at least 
in certain cases. Such currents arc locali/.ed in certain pjirts of the 
beach, L.it the localities change: they arc only 15-30 m. wide, quite 
rapid, sometimes exceeding 2 knots, and pass through the zone of 
breakers. They are fed by water moving along tlte beach and expand 
and die out at their ends, while water returns up the beach between 
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them. They carry a much greater load than the water around them. 
They affect* the whole depth of the water and not only die bottom. 
Their strength dcpci^s on the height of the breakers, further research 
is necessary to understand their distribution and location. It has not 
been proved that an undertow does not exist, but where np currents 
have been closely investigated, as at La Jolla in California, there is no 
undertow. 

Coastal currents or cogstal drifts unlike v^avc currents, nin parallel to 
the shore and not perpendicularly to it. They result principally from 
oblique waves. We have seen that such waves arc refracted but remain 
to some extent oblique. An obliquity of more than lo is rare. With 
such a degree of obliquity and large breakers the coastal current can 
attain a velocity of several knots. Such a current may be an important 
agent of transport. In the swash zone maienal may be moved in a senes 
of /ig-zags’ (lug. I n), while movement *of dl‘^turbcd water also occurs 
in the zone of breakers. 

Tidal currents have higher velociucs near the shore than in the open 
sea and l1iu> u ‘crvc our attention. 'They are especially strong in two 
types of locality: 

(j) In straits where the time of the tide is very different at each end. 
There can, therefore, be a strong current even if the tidal range is small, 
as in the strait ot Messina where the current reaches 5 knots even 
though the tidal range in the loniai: and Tyrrhenian seas is only 
20-30 cn\ 

{b) In straits where the tidal current is canali/ed even if there is little 
ditfcrcncc in the time of the tide, provided that the tidal range is great. 
Sftch ctfecis occur «ii the narrow openings of bays which widen within, 
such as the Rade dc Hrc^l, the Ltd river and Morbih;' The highest 
velocities known, of the order^of ih knots Kuenen, 19.0. p. 6"', are 
found in the Moluccas. 'Lhc highest on the L'rench coa-^t is found in the 
Ra/ Blanchart, between Alderney and the Cotentin pcniii'^ula, where it 
reaches 10 or 11 knots. It appears to be caused by the proiecnon of the 
('.oieniin peninsula, by the dilferenccs in the time of the tide between 
La Hague and Saint-Malo, and by the narrowness of ih^ strait; it docs 
not coincide with the greatest tidal range t'ound in the Channel, which 
occurs in the bay of \iont-Saint-Michel. 

The fact that tidal currents change direction, four times a day in the 
case of semi-diurnal tides and twice a lay with diurnal tides, greatly 

^ This IS rcallv a iniucnicrit prvKiuecd by w.ives r.iincr tiain .1 direct action of 
currents [Translator]. 
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decreases their effect. They can build citily temporary forms, unless the 
forms are parallel to currents flowing in diametrically opposite direc- 
tions. This is the case in straits and near the coa^t, but out to sea the 
current is usually of a rotatory nature. 

Some tidal cuwents always flow in one direction, especially in bays, 
although the current may reverse in the open sea outside (lug. i t). 
These fixed eddies, the velocity of which varies with tlie state of the tide, 
are caused by the shape of the headlands on eiylier side of the bay: one 
of the headlands deflects the tidal current, while the other docs not 
hav" the same effect on the current when it reverses. Very occasionally, 
in straits which are filled by the sea only shortly before liigh tide, the 
current is always in one direction, because the times of reversal of 
the current and of high tide do not coincide: it may reverse before the 
strait is filled so that there is always an ebb current, as at Kilaourou on 
the island of Sein (Guilcher, or it may not reverse until the strait 

is abandoned by the falling tide so that there is always a flood current. 

Tidal currents in estuaries arc important because the tidal range is 
often increased there. On the St Lawrence it increases from 2 m. at the 
eastern end of the island of Anticosti to about 5 m, between the river 
Saguenay and Quebec. Although such cuirrenls reverse direction, the 
ebb always carries away more water than the Hood brings up as a result 
of the water brought in by rivers. In fact, a floating object undergoes a 
series of shorter movements upstream and longer movements down- 
stream, the net result being that it is carried down to ilic sea. It should 
be noted, however, that the movement near the bottom is always up- 
stream, for example in Chesapeake Bay. Salt water does not penetrate 
far into estuaries: !t reaches Quilleboeuf on the Seine and Paimbod’uf 
on the Loire. Only below these points is there a salt-water tide: above 
the current only moves freshwater, 'fhisjias been called a dynamie tide 
(Francis-Bocuf). Salinity in the downstream section varied* with the 
state of the tide, the regime of the river and the time of the year, as 
floods and low-water conditions depend on the last. 'I'he pH also vanes 
in the same w’ay. 1 idal currents in estuaries are usually relatively strong: 
the maximum^on the surface in the 7 'ccs, for example, being more than 
3 knots on the flood at half-tide. 

A bore is really neither a current nor a wave, but shares the qualities 
of both. 1 his rapid rise in level with its associated breaking w ave, which 
reaches a height of 5-6 m. in the Amazon, accompanies the Hood tide 
in certain estuaries, and may cause serious damage. The bores in bicnch 
estuaries have been greatly reduced by dredging, especially in the Seine. 
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Discharge currents arc very powerful in certain channels and may 
reinforce cipher the ebb or flood tidal current. In Norway the Salstrom 
may reach speeds of j6 knots (?) when the ebb current*is reinforced by 
meltwater (Rouch, III, p. 122). In the Tuamotu islands, discharge 
currents arc very strong, 10-12 knots in the Hao channel, as they are 
fed by water flung into the lagoons by the waves breaking round the 
atolls. The inflowing tidal current may be eliminated for days in heavy 
storms and is never as^trong as the ebb current (French Navigational 
Instructions). 

Tidal and discharge currents affect the whole mass of water, both in 
estuaries arxl elsewhere. In the Moluccas they arc often strong in 
straits at a depth of i ,000-2,000 m. (Kuenen, p. 67} but always decrease 
towards the bottom. 

At the Ciolden Gate, San Fransisco, the velocity i m. above the 
bottom is only half the surface vclocit}^ Measurements made by van 
Veen (pp. 45-'^) in the Straits of Dover have shown a variable relation- 
ship between surface velocities and those at 15 cm. from the bottom. 
The maximum velocity : usually found several metres below the surface, 
and the rate of decrease is only rapid close to the bottom. The same is 
true of the 'Fees estuary T*'rancis-Hocuf, p. 173;. Lesser has also con- 
firmed these measurements and shown that the decrease in velocity^ 
follows a logarithmic curve. 

Other currents of prime importance in marine hydrology' arc of little 
importance in the *'!udv of coasts, but may, it appear^, be significant 
in the formation of submarine relief. The main oceanic currents, which 
usually result from density dilferenccs and regular \Mnds such as the 
nTonso<ms or iradv.^», have a negligible eifect on coasts 'shen compared 
with the coastal drift set up by oblique waves. But a ” id blowing in 
the opposite direction to the cgastal drift caused by oblicae waves may, 
dcpcndin^t on the relative ^l^cnglh of the two force*', be the dominant 
factor in longshore drift. In deep water, where the main currents are 
formc^l, there i^ a marked deflection due to the ctfect of the earth's 
rotation, according to Fkmaifs law. But in shallow coastal water such 
deflection is negligible at all speeds i Sverdrup, Johnson^ and Fleming, 
p. qQyy 'Fhe wind reed not be parallel to the coast to cause a coastal 
drift, but it must not blow at right angles to the coast. It will be more 
effective if blow ing onshore rather than olfshore, as water will pile up 
near the land (ef. p. 2^' and friction th the earth’s surf^ice will not 
reduce the w'ind so much. 

Currents arc turbulent flows, as can be seen in estuaries .p. 102), 
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where there is a considerable load in suspension and where the whirls 
of different coloured water show up clearly. It is thought, however, 
that there may* be a more laminar flow near tj;ic bottom (Kuenen, 
p. 255, Hjulstrom, p. 328). 

General effectsmof atrrents on transport and deposition. Wc can only 
deal briefly with this problem, which, although of the greatest import- 
ance, is not directly related* to our theme. 

In calm water all suspended particles must hj: deposited. Theoretic- 
ally, the settling velocity is proportional to the square of the radius of 
the particles pro\'ided they are spherical, i.e. v Cr" where C is a 
constant depending on the material. A sphere of quartz of i diameter 
thus ta'' :s 24 hours to hill 10 cm. In practice, this formula applies only 
to particles no greater than 01 mm. in diameter. Above this limit the 
velocities arc less than those given by the formula. The form of the 
particles has the greatest effect, however; flat particles fall very slowly 
as they remain horizontal. 

Currents interfere with sedimentation cither by eroding loose par- 
ticles or by preventing them from settling. luthcr erosion or transport 
or deposition may, therefore, take place. The relations of these to the 
velocity of the current and to particle size are set out in the cur\es 
published by Iljulstrom (1935, pp. 297-S) (Fig. i ii). The upper curve 
shows that the velocity needed to move loose material on the sea-lloor 
decreases with particle size down to 0-25 mm. approximately. Below 
this size, the velocity increases again and the velocity requircii to move 
a particle of -002 mm., 180 cm. per sec., is the same as that required 
to move particles of 20 mm. diameter. 'Fhus, sand is most readily 
moved, while both silt and gravel require higher •velocities. 'I'his ‘is 
especially important in the gcomorphology of estuaries. It should be 
noted, however, that the law* is based up^^n sediments composed of one 
particle size only. 

The minimum speed required for transport flower curve) appears to 
decrease regularly down to the finest particle. In reality, the navire of 
the curve below 5 mm. is uncertain as this w as the smallest size included 
in Schaffernak^s measurements on which the cur\'c is based (H)ulstrom, 
p. 320). 

Transport by currents and by w’inds is effected in four w'aj's; suspen- 
sion, saltation, rolling, and dragging, as Gilbert (1914) demonstrated. 
The velocity o'" particles in suspension is equal to that of the currents. 
In rolling the velocity of the particles increases rapidly as soon as the 
velocity required to set them in motion is exceeded, but further increases 

24 



THE FORCES IN ACTION 

in velocity cause only slight increases in the velocity of the particle. 
There arc also sudden increases of speed, at Jeast fo[ small pebbles 
(Blackwell in fljulstrgm, p. 336), when the motion changes to suspen- 
sion. Saltation is aided by the turbulent layer above the zone of generally 
laminar flow and to a lesser extent by slight turbulent in the laminar 
layer itself. Particles arc picked up, fall, and set other particles in 
motion. 

c. subaeUial run-oit, infiltration, 

A\n FROST ACTION 

The rocky aitas near to and immediately above the shore may be com- 
pared with semi-arid regions, as salt foam and spray largely inhibit the 
growth of vegetation there. Thus, there is little vegetation to check the 
run-ofl‘. But, in contrast with semi-arid regions, the ‘precipitation’ is 
enormous, if we add the sea-water flung on them to the normal rainfall. 
The absence of vegetation and the ‘precipitation’ of as much as several 
dozen metres a year in some places, combine to create conditions which 
are not fou-:a le the coastal /one. 

All land water, howc\cr, docs not run off. On many convex cliffs 
vegetation covers over half the height, the only bare area being near 
their base. In addition, \shcn the cliffs are cut into a plateau, the plateau 
surface is usually covered with vegetation. If the rocks are fissured, 
v\atcr percolates along the joints. In limestones solution takes place 
along the joints, and the clilf may be turned into a karst. If permeable 
rocks overlie clays in the cliff', and provided that the rocks are bedded 
and dip towards the ^ea or arc horizontal, a water table forms above the 
jurfenon of the tN \(3 beds and saturates ihc clays, a condition very 
favourable to landslips. An alternation of sands and shales, truncated 
by the top of the cliff's, may produce comparable though more complex 
effects, provided that there is a marked dip to\^ards the sea. 

b'rost plays a part in the enlangcment of fissures in the cliffs in cold 
and temperate regions. But its mam effect is at the base of the cliff's, 
as has been shown by Nansen 1,1022, pp. 2S-32^ and other Scandinavian 
authors, especially Vogt. In cold seas, such as those cf^Noiway and 
Greenland, an ice-foot or ledge of ice forms along the chtf about half 
a metre ab^ve high tide level and is not carried away by the ebb. It 
melts only partially in late summer. If this ice were formed from sea- 
water it would have no great power of expansion, as sca-ice includes 
interstitial salts thrown out during freezing and these render it cellular 
and relatively soft. But the ice is also formed partly of snow drifts and 
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to a considerable extent from the water of fjords, which has a low 
salinity becausf of the freshwater brought in by rivers, and finally from 
run off which freezes on it. Thus, the ice becomes almost as hard as 
freshwater ice. The number of freeze thaw alternations is very large, as 
both diurnal heJiting and cooling and periodic splashing with salt water 
may cause them. The meltwater penetrates into cracks in the rock, 
freezes there, and shatters tlie rock a little above high tide level. All the 
waves have to do is to remove the shattered debris. The degree of 
fracturing of the rock is obviously of greater importance than its 
resistance to impact. 

Ice-feet of different characters have been described by British authors 
in the Antarctic. Their chief effect is to deaden the breaking waves. 

Gilbert obser\’ed another process connected with freezing. When 
small lakes freeze, the expansion of the ice tends to dislocate the cliffs, 
or if it acts on a beach, to produce a small rampart or shore-wall, 
beyond the limit of the waves. 

English authors have often resorted to ice-rafts to explain erratics in 
raised beaches in Great Britain. Barrois in 1876 used the same idea to 
explain comparable features on the Brittany coast. In New England and 
Acadia, such ice-rafts at present add to sedimentation in coastal 
marshes. They are carried in at high tide and leave a layer of sediment 
when they melt (Johnson, 1926, pp. 589-90). 

Considerable erosive pow’er has sometimes been attributed to frag- 
ments of ice, either hurled against the cliffs like pebbles, or dragged 
along the coast by currents, thus enlarging certain estuaries (Johnson, 
1926, pp. 590-1). Nansen (1922, p. 32 and p. 41) believed that these 
processes were hot very effective, and discounted the idea that slich 
lumps of ice could transport much material. But much must depend on 
local conditions, since the openness o&bays must affect transport, and 
the nature of the rocks the amount of erosion. 

Finally, because sea-lcvcl was much lower in the last glaciation, 
present coasts may have been affected by periglacial proccssei at that 
period. Thus, unless there has been much marine erosion since, we may 
find Pleistootne freeze- thaw’ effects such as rocks shattered by frost, old 
solifluxion forms and polygonal soils on the present coasts. 

D. WIND 

Wind action is ver^^ important but usually makes itself felt indirectly 
through weaves and the spray which it beats against the cliffs (see above). 
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Further, tlic wind transports beach sand inland, where there is an 
abundant suf)ply, to form coastal dunes. The mechanism of sand trans- 
port is the same as ip inland dunes and will not be described here. 
Coastal dunes themselves are considered in Chapter III. 

Violent storms and tropical hurricanes blowing onshore not only 
cause waves to act at higher levels than normal, but also give rise to 
variations of sca-levcl of 2-3 m. (Fig. i G) and even, it appears, of 
5-6 m. in certain bays.^These variations are known as storm surges. 
They are very important on flat coasts such as those of the North Sea, 
the Baltic, and the Gulf of Mexico, where such surges, if they coincide 
with high tidt, may cause catastrophic floods by breaching sea-walls or 
natural sand and shingle forms, as happened on the ist February 1953 
in south-east England and the Low Countries. They may also occur on 
atolls. Constructional forms well above the level of normal storms do 
not necessarily imply former higher sea-levels, but may result from 
abnormally severe storms. On the other hand, a period of offshore winds 
may cause tides lower than can be explained by tidal action alone. 

E. CHEMICAL PROCESSES 

The effect of chemical processes on coastal evolution attracted attention 
much later than mechanical erosion. 'I'hcre is much still to be learned 
of their exact importance, but their eflects seem to be established and 
are probab^v considerable. 

u;) Solution of limestones. Many facts, which will be treated in 
C^haptcT III, lead to the belief that limestone coasts are subject to 
soltiiion in both the intertidal and spray /ones. Such solution would 
present no dilliculty, if it had not been observed, at least in Warm seas, 
that tiic sea is apparently saturated at the surface w ith calcium carbonate. 
This was observed by Murray a long time ago and by \'aughan, W’ells, 
Revcile, and W'atienberg more recently In places it has been showm 
that sujicrsaturation occurs. 

It has been suggested that the difliculty might be met by recourse 
to freshwater from the land, percolating into the limestomi and causing 
solution down to the level permanently saturated by tlic sea. Solution 
above low ^dc le\ci would thus be explained, as suggested by V^'ent- 
w’orth in his study of Oahu in the Hawaiian Islands. 

The hypothesis, however, meets three serious obiections. 

In the first place, it is very doubtful whether the amount of fresh- 
water would exceed the amount of sea-water m the intertidal and spray 
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zones, even in a relatively wet climate. In Oahu, where corrosion is 
intense, the li^nestone regions only receive 625 mm. of rain a year, 
according to Wentworth. 

Secondly, as observed by Panzer, corrosion forms at the foot of 
certain isolated Vocks in the Palaos Islands in the Bismarck archipelago 
and elsewhere cannot be attributed to freshwater because the surface 
of the islets is insufficient to nourish either appreciable run off or 
underground drainage. 

Finally, corrosion forms, as well developed as those in humid regions, 
are found in the Red Sea, an arid region where the action of freshwater 
may He discounted. 

The explanation may pardy lie in variations in the amount of carbon 
dioxide dissolved in coastal waters and especially in pools. These arc 
reflected in the pH values. Davy de Virv’ille has proved that green algae 
living in pools raise the pH during the day. Emery has shown that the 
carbon-dioxide content in solution basins in calcareous sandstone in 
California is higher during the night than the day, i.e. the pH value is 
lower. Such changes are caused by the nocturnal emission of carbon 
dioxide by algae and invertebrates. During the day, although the latter 
may still produce carbon dioxide, green algae at least absorb it in the 
process of photosjuthesis. This abstraction of carbon dioxide from the 
water causes the deposition of finely divided calcium carbonate in the 
pools, as the water becomes saturated. But such calcium carbonate has 
not time to adhere to the bottom but adheres only to the ridges separat- 
ing the pools, where it builds up as it is most frequently subject to 
drying. Elsewhere it is removed at high tide, so that solution takes place 
at night when carbon dioxide is emitted by the algae. The calciie 
cement of the sandstones is attacked, and the loosened sand grains 
removed by the waves or by pcriwin^dcs [Liitorina)^ which arc very 
common in California. Emery has shown that 2,600 periwinkles can 
remove 0 3 gm. of sand grains in 24 hours. The periwinkles thus play 
two parts, they produce a continual emission of carbon dionde and 
also complete the work which solution begins. The sand grains ejected 
by the periwiinklcs are later removed by tlie weaves at high tide. 

The diurnal phenomena had been described before by Davy de 
Virvilleandby Sverdrup, Johnson, and Fleming who state jhat the pre- 
cipitation of calcium carbonate is due to the abstraction of carbon 
dioxide during photosynthesis (p. 950). Emery’s important contribu- 
tion was the recognition of the opposite process at night. The solution 
process would be, therefore, biochemical. 
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At about the same time, Fairbridge (1946-7) came to similar con- 
clusions in A\istralia. In addition, he mentioned the effget of nocturnal 
cooling, since carbon clioxide is more soluble in cold water than in warm 
water (Williams, 1949). But it seems doubtful whether cooling has any 
direct effect in coastal solution; and, more recently, Ranson has sug- 
gested that biological processes alone can account for- coastal corrosion 
phenomena in limestones (see below, p. 29). However, experiments 
carried out by others (Quilchcr and Pont, 1957) have shown that, in 
some calcareous rocks at least, cycles of wetting and drying, com- 
bined with solution, play a very important part in disintegration. In 
sum, the coastal corrosion of limestones seems to result from a number 
of processes. 

{b) Formation of coastal calcareous sandstone. 7 'he problem is further 
complicated by the fact that corrosion mav predominate on one part of 
the shore and formation of sandstone on another. Discontinuous beds 
of calcareous sandstone arc very common on sandy beaches in coral 
regions where they arc known as ‘beach-rock’ (cf. p. I22j, but pre- 
cipitation h:::. '''cen obscr\cd in certain temperate regions, such as 
the coasts of Victoria {Hills, 1949). 

Such sandstones in coral beaches have been explained in a number of 
ways: by evaporation of salt \\ater contained m the sand ^Savillc Kent, 
Stanley Gardiner, 1902-6, and Dalys by freshwater percolating into the 
beach (David); and at the contact of freshwater and salt water in the 
sand (Stanlw'y Gardiner, 1930). Sewell and Kuenen (1933, pp. 87-8) 
consider that there are two types of cementation: one occurs above high 
tide level and seems to be connected with freshwater acuon; the other, 
whflh results in several beds one above the other, seems to be ♦he result 
of sea-water, as it is found in areas where there is no pos^4bilit>’ of 
freshwater. 'I’he first process pr<^uces horizontal beds and the second 
beds parallel to the beach surface, Ginsburg states that beach sand- 
stones in Florida arc produced by precipitation of aragonite at low 
tide. • 

In a very detailed work, Bavendamm has shown that in vegetable 
muds in mangrove swamps in the Bahamas, bacteria are oitlic greatest 
importance in the precipitation of calcium carbonate. Many tropical 
marine lime^ones might be explained by bacteria; Xesteroff thinks that 
the beach-rock of coral regions is related to the metabolism of baaeria 
living in the sand, leading to precipitation of limestone. According to 
Ranson, the organic matter decomposed by bacteria would account for 
beach-rock formation, without precipitation of limestone at all. 
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On the other hand, Hills (pp. 146-7) has noticed a secondary cementa- 
tion by calcite.at the foot of cliffs in dune limestones in Victoria: this 
cementation is most marked at mean sea-level. He attributed it to the 
deposition of calcium carbonate from rain water percolating through 
the sand and nfteting the zone saturated with sea- water. 

(c) Water layer weatherii\<^\i2iS been studied in Australia, New Zealand, 
and the Hawaiian Islands. In some rocks, such as altered basalts, 
volcanic tufl', kaolinized granites, certain saydstoncs and shales, the 
edges of the pools, especially in the spray zone, arc actively eroded. The 
pools are bordered by small overhangs and ultimately merge into each 
othe. Quartzites and parts impregnated with limonite 'resist erosion 
and form small-scale residual relief. In Victoria, in sandstones in w'hich 
the joints are filled with limonite, pools form in the sandstone and are 
bordered by small limonite ramparts, a centimetre or so high. In the 
same area on Phillip Island, where the joints of columnar basalts have 
been altered, pools form along the joints and arc separated by the re- 
mains of the basalt polygons. At Fingal’s Cave and the Ciiant's (Cause- 
way, on the other hand, the pools form on the actual columns of basalt 
(Panzer, p. 33). English and American authors have attributed these 
effects to alternate wetting and drsing, which is especially character- 
istic of the spray zone, where the pools may be lillcd in storms and 
partly evaporated in calm weather. Bourcan attributes a major role in 
honeycomb weathering to alkaline chlorides brought up by water but 
the forms which he describes arc not entirely coastal. 

The experiments of J. Joly have shown that basalt, obsidian, horn- 
blende, and orthoclasc are 3-14 times more soluble in salt water than in 
freshwater. Solution may, therefore, affect rocks other than limestones. 
Further, forms like those on the edges of pools in the Pacific also occur 
on limestones of varying age and hardiness in Ireland, Wales, Morocco, 
Provence,and the Alpes-Maritimes (cf. pp. 65-6). Such erosion, which 
extends below the level of high neap tides, appears to be better explained 
simply by the whetting of the rocks than by the number of cycles of 
wetting and drying. 

In view of changes of sea-level, we must not forget the possibility of 
former subaerial chemical weathering on present shorelines. If, for 
example, a coast had been subjected to tropical weathering, the rocks 
may have been deeply rotted, with the formation of laicritc. 'Phcrc arc 
also a number of drowned karst regions. We must bear it in mind along 
with the possibility of Pleistocene pcriglacial cffcas. 


30 



THE FORCES IN ACTION 


F. BIOLOGICAL FACTORS 

Corals and calcareous algae form reefs, which arc the most widespread 
form of coastal relief in warm seas We can scarcely separate the study 
of the ways m which they act from the study of the forms they produce 
(Chapter III). 

Soft algae, unlike calcareous algae, are especially well developed in 
temperate seas, where tl^7 ma> reach lengths of over lo m They are 
important because of the braking effect which some of them exert on 
the waves On the rocky coasts of Great Britain and Bnttanv, there is a 
zonal division* of vegetation on the beach The most important zones 
from our point of view arc the following 

(a) Ihe highest is the I^ucus zone, with AsLOphyllum nodosum m its 
upper parts. 

(h) I he zone of Hirnanthaha lorca * 

(c) The zone of Lamviana which extends below low tide le\el 
buLUs exens little braking effect on the wa\cs as it cannot grow where 
the breaker ^ . tr'^ng on the island of Scin, it occurs onh in relatisely 
sheltered localities, such as flat areas and especiallv hollows 

On the other hand Ilimanthalui lor^a^ laminaria sa^tharina^ L. 
fit. xiLdu/i'^, L LiouUoru^ and S UKorh'-'a ombL a can put up with breakers 
When thc> are fuliv grown, these plants, which arc about 3 m long, 
exert a marked braking effect on the surface of the sea, when thev are 
exposed at Ipw tide Pro\ideJ that the wa\es are comparatueh small 
and that the offshore slope is not too steep, these algae completeh stop 
the wa\cs from breaking, until the tide is high enough tor them to be 
submerged 1 his action, together with tne effect of the bej h profile 
(p helps to explain the differences in wa\e size betv^ecr igh and 
low tides 

1 uriher, large algae attached to stones ma\ be flung up ±c beach in 
storms and carr\ the stones with them Some invertebrates, such as 
PhoJds aijd Pdtillu and Cltond, bore into certain rocks, cspccialls lime- 
stone, and con\ert them into sponge-like forms I heir effects have 
been studied mainl\ m coral regions some bore b\ mccham»al methods 
and others by secreting acids 1 he holes thev make extend the surface 
open to the attack of other agents, and this is prob ibl\ their most im- 
portant funcuon I inallv, burrowing organisms ma\ reduce sediment 
to powder bv passing it through their digesUvC apparatus In tropic-al 
seas, an enormous amount of sand passes through Hohthuridm^ al- 
though these do not comminute the sand except perhaps \cr\ slowffv 
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But they arc not the only creatures concerned. Ginsburg goes so far 
as to explain micro-karst forms in the intertidal zone, which arc usually 
attributed to solution, by the action of boring ancj burrowing organisms: 
but according to Nadson, the holes made in limestone by algae are a 
form of solution. Ranson goes so far as to explain the coastal corrosion 
of limestones, entirely by tlic action of microscopic algae (Cyanophycae). 
However, although he supposes, as Nadson docs, that this action is 
chemical rather than mechanical, his opinion ^cems to be too extreme. 

Although observations are scarce, it appears that fish, Crustacea, and 
mollusca help to open up fissured rocks: congers, crabs, and cenain 
gasti 'pods insinuate themselves into fissures; crabs attacked in their 
holes brace themselves against the rock and thus act as levers. Certain 
fish in the Red Sea eat coral. A detailed examination of that part of the 
shore, which is uncovered by the sea only on rare occasions, should be 
interesting, provided that it is made with care, for most of the loosening 
of rocks in this zone is the w’ork of fishermen. 

Sedimentation is caused on the coast of Provence by banks of 
Posidonia: these sea-weeds can produce a rise in the sea-floor of i m. in 
100 years, as they cause particles to be deposited. 
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SHORELINE MOVEMENTS 

L. 

A Tin niriiCLiTiFs oi mr stldy 

1 he problem of shoreline movements is one of the most important and 
at the same time most diffieult aspects of geomorphologv 7 he enormous 
growing bibliographv merely increases the confusion Research methods 
are complicated and cniical, and part Jf the divergence of opimon 
TLSults from research incorrectly earned out 

In the rev.onstruction of former shorclinis, we mav relv either on 
emerged or drowned coast forms, or on shallow -water deposits no 
longer found at - edge of the sea, or, and this is best tnough rarely 
praeticible, on evidence of both tvpes 

Deposits can onh betrav the position of a former shoreline without 
question when ihev take die form of a shingle beach, m which case they 
indicate the former high tide level except in the rare instance where 
the whole (jf the beach is composed of shingle, as at C hc^sil beach in 
Dorset Ivcn coarse sand can be dcpo'^iud at considerable depth 
Soliiarv pebbles mav be deposited on the floor of the sea bv fioating ice, 
as has perhaps happened oil the BritMnv coast, thev mav be deposited 
on land bv solitluxion or some other process, provided v do not 
Occur in hollows beneath an overhang \n isolated shingle r \eh docs 
not nceessjrilv implv a period ol stabiliiv it mav have been formed 
during either a slovv transgression or a slow regression and have 
remaiiK^l where it is lor some local reason 

Among lindlorms dead dills arc valuable though not indispensable 
evidence, as all shores arc not ditlcd But everv steep slopf behind flat 
surfaces not ncecssarilv a sca-difi, even it it is vertical It it has eaves 
with w<'ll-roimdcd slnngle and Ix'uldcrs at its base, the case is usuallv 
proved, but some doubt must remain eonecnii g granite boulders, 
such as those ot the C^idilhc C lills New I ngland'' which mav vvc'l not 
be marine W'c must also guard against the t semblance between sea- 
dirts and the steep slopes behind pediments I urthcr, dead elifls arc 
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often quickly degraded, as are those* of the Bas-Champs of Picardy: 
their base is buried under and smoothed out by solifluxidn or material 
brought down by creep, which masks the old beaches except where a 
quarry happens to reveal them. In general, a constant elevation over a 
considerable diitancc at the foot of the cliff is evidence in favour of a 
marine origin: but the opposite case docs not mean that wc can discount 
the sea as the agent of formation, as the old shoreline may have been 
warped. 

D. W. Johnson has shown that cvcr>' shoreline slightly above the 
level now reached by the waves is not necessarily a proof of a general 
changr of level. In bays with narrow entrances, such as <he Hiel river 
or Moroihan, high tide level is slightly lower than outside the bay. If 
the narrow entrance should be widened, the tidal range increases and 
high water mark rises: the opposite may happen if the entrance narrows 
as in the graus, or narrow openings into lagoons in southern b'rancc. On 
the other hand the level of storm beaches is not cvcr)"whcre the same, 
even outside sheltered bays. It depends on the exposure to strong waves, 
the local tide range, and the amount of rise in sea-level occurring in 
storms (p. 27}, so that beach ridges formed under present conditions 
may have levels which differ from each other by as much as several 
metres. Spray may also form small solution terraces above present sea- 
level. It may also happen, even in localities of identical exposure, that 
tw’O contemporaneous shingle ridges arc not at the same height above 
present high tide level, because the former high tide level* which they 
represent was not at the same height above the present level in both 
places. 'W'e kno\v that every tide results from a superposition of waves 
variously affected by resonance phenomena, which’arc a function of the 
form of the basins concerned, 'fhus, when sea-level was higher, the 
tidal range may have been quite difl'q-ent locally because the form of 
the basin was not the same. 

These observations indicate how useless it is to try to establish the 
altitudes of old shorelines in tidal seas to the nearest metre by neans of 
deposits. Much greater accuracT can be obtained by studying the solu- 
tion groove^ formed on limestones in warm seas with very little tidal 
range. 

The levels of terraces or river flats arc sometimes used^ to establish 
old high sea-levels: this has been done for the Loire by ("hapui and for 
the small streams of the Channel Islands by Hanson-Lowe. This methexi 
is valid when the river terraces grade into marine terraces near the 
mouth. If they do not, there is considerable uncertainty as to the heights 
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of old shorelines as their positions are not known where should the 
long profile ^constructed from the terraces be stopped'^^ 

Prc-Plioccnc shorcl\pes arc rarely of gcomorphological interest If 
they arc very old they may be obliterated, while the older they are the 
greater the chance that they are deformed Aiorc forim have sur\ived 
from the Pliocene In southern Lngland the dip-slopes have been 
bevelled by platforms, which arc certainly marine and of Pliocene age 
The most \c\cd of Qu^ternarv' problems begins in the Pliocene are 
recent mo\cments of the shorelines due principalh to tceionic mo\c- 
ments or to \ariations in sea-le\cl'' 

B 1 LSI Alir MUM MI STS 

Shoreline changes caused h\ chances in sei-le\el arc termed eustatic 
Ihere arc two t>pes of eustatism i he fir'^t is diastrophic and is con- 
ncLted with changes in the form and dupih of the oceans Suess and 
de I amothc both stressed this, but it has been invoked most insistcntlv 
and most clcarh demonstrated b\ Paulig in aecounting for Pliocene 
planations in various region^ I he second is glacial and is caused b> 
changes in the volume of the continchtal ice 'sheets as a result, it 
affected onlv the Quaicrnarv period In cdccS c\cr\ \ triation in the 
amount of icc causid an oppo'^itc vanitiop of ^ca-VvcK because the 
water irnohcd must ha\c been darned from the ca via the atmo'^phere 
As It is kiiQwn that th^rc were severd eliciatious s^piritcd bv mter- 
glicial periods, although liu c\a».t number is still or^n to quc'-tion, we 
must expect each glacial period to have been assoLiaLcd wiih a eustauc 
tall and each interglleiil with i eusi uk rise of sei-leve^ 

1 hus there Molved liraeiv on P^perLt ^ ^horiiv the ica ot a 
senes of Quaternarv marine lerr^cc*^ 1 Ik lOe i w is partlv bas i on the 
argument outlined ibove but aKo Oii loiins anu deposits found at 
constant elevations, whiv.h ippeareJ ovltiIv ihe hvpotnesis It mav be 
said thai no idea had quite sikIi a vogu. as ihis n\ historical gcomor- 
phologv It mav be leadilv summari/ed 1 la e \ In the Quitcrrarv 
the sea Occupied four levels So-ioom Sicilim , ss bwin^Mila/ lan , 
30-:^S m \Ivrrhcnian , and is Zo m N'onisiirian ReceiiU\ various 
authors hav^' stressed the importance of a litin level, 2-s m above 
present high tide levj \ arious names have been propx)scd tor this 
Normannian fbv Dangcard in the Vrmoruan massif , 1 ower SU us- 
tirian ^Guilehcr in Briitanv , ind Oulu m ;out in Woroeco^ 1 he 

lower the level the more rcecnt it is Ihe Wonastinan cannot be 
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Brittany, Normandy, Jersey, Guernsey, Portugal, the Azores, and 
Morocco. In niany places it sur\Tves in most coves, but ih occasionally 
continuous over distances of some kilometres. I;s equivalent has been 
reported from as far afield as Australia. Usually, this shoreline is better 
represented than the Monastirian proper. It has been interpreted as a 
stage in the retreat from the Monastirian level of greater duration than 
that responsible for the Alonastinan itself. It is clearly earlier than the 
last glaciation, the deposits of which cover it. In the whole of north- 
west Europe it has been affected by periglacial action. 

Two other stages evidenced cvcr\^’hcrc arc the prc-Elandrian re- 
gressio ^ and the Flandrian transgression. These have been studied in 
great detail in the coastal plains of north-west Europe, on the Thames, 
the Lower Rhone, and the plains of Italy bordering the Tyrrhenian Sea. 
They are evidenced m many other regions by the drowning of the lower 
parts of valleys, the submergence of peats and megalithic monuments 
and the deposition of muds. It is generally but not universally agreed 
that the pre-Flandnan regression reached a lc\cl of too m. But one 
of the earlier regressions, the pre-Monastirian or prc-'r\rrhenian, may 
have been even lower as is suggested by ridges of pebbles off the uest 
coast of Brittany. Evidence in favour of the idea that the maximum of 
the Flandrian transgression ' the Dunkirkian'^ was 2-3 m higher than the 
present level is proMded by grooves or notches slightly abo\e present 
high tide level in \arious coral regions, and by post-Mandrian deposits, 
some of them accurately dated and not appearing to be the result of 
storms affecting present sea-level, south of the bay of Audierne in 
Brittany and around Rabat. 

C. QLAIIRWRV lie TONIC AND 
EPiIRO(-lMC mI)\T minis 

Quaternars shoreline mosements ha\e also been attributed to earth 
movements, either isostatic and resulting from the glaciations, or 
independent of the glaciations. 

Glacial i^stas\ is generally accepted and only the details need be 
discussed. The loading of the ice-shceis caused a plastic depression of 
the earth’s crust and perhaps a slight complementarv elevation near the 
edge of the ice. When the ice-shecls melted the land formerly co\crcd 
by them rose again, w’hilc there was perhaps a depression at the edges 
These movements were relatively slow In effect, the prolonged over- 
loading caused, in the earth’s interior, a slow flow' of viscous material 
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towards the periphery of the areas affected to re-establish an equili- 
brium. The femoval of the load caused an equally slow transfer of 
material in the opposite direction. 

The existence of these movements has been beautifully demonstrated 
in the area of the Fenno-Scandian ice-shcci by the study of the present 
altitudes of raised beaches (lug 2 b). The isobases, or contours of the 
elevations to which the various beaches ha\e been uplifted, show no 
uplift in the south of tli^e Baltic The amount of uplift increases to a 
point in the north-west of the Gulf of Bothnia, where the ice was 
thickest. "1 he same studies ha\c rescaled further csidcncc of the 
Flandrian transgression which was superimposed on the isostatic up- 
lift. The Baltic was a lake about 9000 n c when the icc-front was in the 
Mcinity of Lake Vanern in Sweden It then became a jca, the Yoldia 
Sea, in about 7900 B c alter the retreat of the ice had opened the wav 
for a marine transgression across central S'>scdcn before i^ONtatic uplift 
reallv set in "I he isobases ol the associated beach reach 275 m in ’^he 
north-west ot the Gull ol Bothnia Later, i^ostatic uplift isolated the 
Baltic which became the Ancslus I akc about bsoo B ( the i^obascs of 
the associated beach conlorm to those of the \oId a S^a, but onh reach 
I So m Later, about sooo b t , the coniipuation ot the mirine trans- 
gression opened the strut between Henmark and Sweden in the 
peripheral region where isostatic uplilt was \^t\ sliLrht The following 
phase was that of the I iitorina Sc 1, with a mav* num isobase of 120 m 
'fhe uplilt ;^tlll continues, the miximum salue, 10 rrrni per }.ear, 
Occurring at the north of the (nilt ot Boihii a 

Similar phenomena OLcurred in all coastal re.^ions o^^upied bv ice- 
shcets Gri the nori}i*easi coast ot North Xmcri^a, the upliti increases 
west trom a line drawn between New York and south of \ found- 
land, which is etlecti\el\ the /ey pobase It increases towai ' the St 
Lawrence e>tuar\ and on the north bank ot that twlt reaches a \alue 
of ISO m '1 hnO 'Fhe uplilt his not ceased ncre In Scotland beaehes 
have bec;ti uplifted iso'^taiiealh to m , :he amount dcereasing south- 
wards to ml in South \\ ales In the px’^lar regions, the data are less pre- 
cise, but the uplift was doubtless considerable The Russians ha\c 
observed raised beaches up to 400 m in No\a\a /emha, where a senes 
of beaches occur on the north coast below this le\cl In the Kola penin- 
sula the uplillt appears to ha\e reached 2^0 m , while in I ran/-Toset 
Land it reaches 3^^ m '1 he shrinking ot the Antarctic ice-sheet ha^ had 
the same cllccl, but the amount p uncertain 

Isostatic uplift after the Icc Age has thus brought into being senes 
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A. Diagrammatic representation of glatio-custatic variations in the 
Pleistocene. The interglacial names irf brackets are those used by Bull 
(1942). The names of glaciations in brackets are th(»sc applied to North 
Germany. B. Simplified diagram ^if glacio-eustatic upliti in the Baltic 
(after Sauramo, 194O;. Altitudes in metres are abuse the I9^S ^ea-level 
The honzontal represents the area between the point ot maximum uphlt 
on the Angcrrnanland coast in Sweden soutli aiul s<'uth-east wards 
towards Lc^iiingrad. I'he curves show the uplift of successive shorelines 
in different places, the oldest being the highest. It will be seen that the 
uplift has not been unilorm. 
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of beaches of much fresher appearance and locally more numerous than 
those due to iustatic movements. 

Tectonic movements in unglaciated regions Some authors, while 
recognizing the existence oi eustatic movements, have considered 
tectonic movements to be more important in the Quaternarv even in 
extra-glacial regions. They attribute uplift of shorelines to such move- 
ments 'I hus, 1 abre thjnks that the deposits of Mcdoc and those 
beneath the sand in the north of the Landc> in Gascon) arc the result 
of Quaternary earth movements But Bourcart in I ranee and Jessen in 
Germany areuhe chief protagonists of the h)pothcsis of cxtra-glacial 
tectonic movements in Holland, Umbgro\c appear^ to favour Bour- 
cart’s ideas 

Bourcart and Jessen belie\e that the edees of continents are in 
special positions in relation to the earth's crust thev arc said to be 
subject to periodic expansion, the cause of which remain^ to be dis- 
covered, as The suggested exphnatiOiis are onl\ hypotheses These 
expansions alternate vsith contractions I he expansions gi\c the illusion 
of marine regressions, while the contractions simulate transgressions of 
the sea On the whole expansion dominates on the continents hence 
the tacts that the higher terraces are the older ones, and tne higher ones 
are farthest inland 1 he same hypothesis ibo explains the tact that the 
edges c>f the continents arc often zones oi upliti, folds, horsts, or anti- 
clinoria, vylyle their centres are relatiych depressed One of Jcsscn's 
maps shoyys this feature vyell it is fundamcntil in North and South 
America, Africa, Arabia, and India Ihere should be, therefore, at the 
edge of the continems a marginal flexure, yyhich yyould progressiv civ 
deepen the sca*^ near the continents as the cdgcN of the conOJ' Us were 
elcyatcd 1 ig ^30^ , 

T his thedrv implies an upyyard deformation of the land and a depres- 
sion of the sea-lloor \\ e shall sec in the second part of this book the 
deductions that can be made from a stuav of the continental shelf, and 
we will concentrate at presemt on uplifted shorelines Bourcart maintains 
that the old, uplifted Quaternarv shorelines of the coast ot Morocco are 
appre'ciablv warped He also makes a point ot the intersection of terraces 
at the mouth of the Bou Regreg, the older ones bcuig highest in the 
interior and youngest highest near the coast He thinks tliat the flexure 
IS present on all huropean coasts and has sought eyidciicc in the 
attitude of Portuguese, Breton, and Proyen^l Quate'marv deposits 
I ike man) others he stresses the arbitrary and artificial character of 
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many eustatic interpretations: the facile correlation of terraces which 
are not really at the same altitude, the use of deposits of doubtful 
value, and insufficient morphological evidence. ^ 

He has met, how'ever, considerable opposition from various quarters. 
The pioneer work he did on the Moroccan coast has not always been 
confirmed by later and more detailed work. The marine Quaternary 
deposits at Gipe Can tin, Cape Tafelnch, Cape Rhir, at Agadir, and 
in south Morocco do not generally show warping. 'I'hc higher marine 
deposits are not Quaternary but Pliocene, and deposits of that age are 
admittedly warped. In Alorocco the classic eustatic theory seems to 
account for the large majority of the facts. It can even explain tlie 
intersecting terraces of the Bou Regrcg, if we admit that the lower parts 
of the older terraces were deposited as the sea retreated to lower levels: 
their slope, 3 degrees at the junction with the underlying Miocene, 
is far from being unknown on modern beaches (p. 80). In Portugal, 
Zbyszewski, Brcuil, and Teixeira have also adopted the eustatic hypo- 
thesis and it seems to us to be the best explanation of the terraces, at 
least near Lisbon. In Brittany, the presence of Lower Monastirian 
beaches at the heads of certain rias, such as Quimper and the (lulf of 
Morbihan, at the same altitude as on the coast, is evidence against the 
idea that there has been warping since the beaches were formed. Such 
warping would have uplifted those parts of the beach nearest the interior 
of the land. 

Must we then abandon the hypothesis of a marginal tlexucc? Certainly 
not, although its apphcation should be restricted. It is possible that there 
was a post-Tyrrhenian flexure in the Hyeres islands m Provence, as 
ihought by Bourcart: his interpretation of the section of the Pointe du 
Tuf at Port Cros is justifiable. In eastern Corsica, some support can be 
found for the hypothesis. In Africa nroper, i.c. well away from the 
Alpine region, it provides a satisfactory explanation for rhany of the 
shorelines. J. Drcsch resorts to it, and it is significant that Jessen's 
theory was largely based on the coastal uplift of Angola. , 

C. Arambourg and A. Cailleux have, on the other hand, recently put 
forward thp idea that erosion of material from the land causes an 
isostatic uplift of old shorelines, most marked in the oldest shorelines. 
Such an uplift is possible, but, as H. Baulig observed and as Arambourg 
himself recognized, Quatcmar>' erosion must have varied greatly from 
place to place, so that it is difficult to believe that it could have resulted 
in uniform uplift. In addition, isostatic readjustment docs not seem to 
follow small changes of load. Finally, a coast such as the Atlantic coast 
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of Morocco was not eroded but loaded in the Quaternary period with 
great masses bf dunes which were quickly consolidated. Yet the classic 
scries of terraces is wcH developed there, a fact which casts doubt on 
the value of the theory 

We may come to the following conclusions The Quaternary, which 
IS of greater interest than earlier periods to coastal gcomorphology 
simply because it is the most recent, w^as nor a period of no earth 
movement. Thus we get rid oi the anomah, said to be incredible by 
Bourcart, ol a gcologieal period with no earth movements. But, in view' 
of its recent age and its shortness, it is quite in order to attribute little 
deformation to it It is unique, as a result of the many eustatic move- 
ments attendant upon the glaciations on the whole these were more 
important than icaonic movements 'iheru is no need to abandon 
Dcpcrct's svstem of Quaiernar> terrace^' I urther researLh has indeed 
shown in manv places the weaknesses ol*thc h>po theses of many up- 
holders oi the eustatic theorv for example, practicallv nothing of 
de Lamothe’s work on the Sahel of Algiers cin stand after the work of 
I Glangeaui^ But in manv other places, the existence of a senes of 
unv\arpcd terraces at 80-100, 5s-f)0, ‘^o-3s, 20-15, 5 ^ been 

eonlirmed 'I he most economical hvpothcsis to explain this uniformitx 
IS the eustatic one '1 here is no compelling rt ason to abandon diasirophic 
eusialism in the Blioc^ne, but warping of shoreline, should be super- 
imposed on eustatic effects in more places than in the Quaternarv 
In llmder^ the lower IMiocene platform has been warped dov^n 
towards the I ow C ountrics In short, the further one goes ba^k, the 
greater the chance of tectonic movement We mu^'t naturaliv make an 
exception of tlie regions afic«.ted bv Quiternarv ice-shcf'ts, where 
v\arping of a special tvpe his ccrtainlv o^curuc. and still cor qucn 

/enkoMich has drawn aiiciuign to other aspects of the for. lation of 
marine abrfision surf ices It the amount of material brought down bv 
the rivers has varied with climatic changes, such as glaciation, the loot 
of the cliff inav have been tossih/ed during phases when much material 
was brought in \\ hen the land uses stcadih, one might have discon- 
tinuous abrasion platforms formed m pdiods when the fivers were 
supphing the sea with little material 1 urther, alterations in wind 
regime, causing a variation m the strength and dircVMon of ihc waves, 
affect the rate ot formation oi coastal platforms Similarlv, changes m 
the area and shape ot the sea-basin would have some effect 

Whatever the exact truth, the past historv of coasts is of the greatest 
imporiantc in understanding the present To understand the form and 
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Stage of evolution of the world’s shorelines, we must remember that 
the sea has only been at its present level for a few thousand years. This 
is especially important on coasts which develop^ slowly and which owe 
much of their evolution, as a result, to the past. The morphology of 
coral reefs is also clarified by the study of eustatic and diastrophic 
movements. Because much of the past history^ of coasts is to be found 
in the beach deposits fringing them, the study of such residual deposits 
is as essential as the study of residual deposit^ in the interpretation of 
subaerial erosion surfaces. 
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Chapter III 

COASTAL .FEATURES RELATED 
TO SEA ACTION 


The proolem of the classification of coasts. The problem of the classifica- 
tion of coasts is a difficult one and the discussion will be limited to the 
classifications proposed by Gulliver, Johnson, and Shepard. 

Gulliver, in 1899, distingjished initial forms from sequential forms. 
Initial forms are not connected with the action of the sea as such, but 
are the result of relative movements of land and ocean. Lithological and 
tectonic faaors, such as \mlcanicity, and climatic factors, such as 
glaciation, may also produce initial forms, which Gulliver terms 
‘accidental’. Sequential forms evolve from the action of the sea on the 
initial forms. 

Johnson in 1919 divided shorelines into four categories: shorelines 
of submergence, shorelines of emergence, neutral shorelines, and com- 
pound shorelines. Where submergence and emergence have occurred 
recendy in the same place, the shoreline is attributed to that movement 
which has been Responsible for producing its salient characteristics. 
The classification is, therefore, genetic. For ejch type, the author 
pictures an evolution of the shoreline under the action of the sea, so 
that he introduces, in effect, Gulliver’s concept of sequential forms. 
Six years later, in his work on the coasts of New England* and Acadia, 
Johnson reverted to Gulliver’s classification with the following general 
plan: 

I. Initial forms are divided into those: 

(а) ^ordering high lands of hard rocks. 

(б) Bordering low lands of soft rocks. 

(c) Caused by glaciation. 

{d) Modified by slight variations of level. 

II. Sequential forms are divided into those: 

(а) Bordering high lands of hard rocks. 

(б) Bordering low lands of soft rocks. 
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(c) Bordering areas of unconsolidated deposits. 

(d) Consisting of coastal marshes. 

■« 

In 1948 Shepard evolved a classification recalling in principle that of 
Gulliver. He also has two main types, initial and sequemtial, which he 
terms primary and secondary. The primary coasts include the forms 
due to submergence of a subacrially eroded land surface, e.g. rias and 
fjords; those formed of fluvial sediments, e.g. deltas and alluvial plains; 
those formed of glacial sediments; those due to the action of the wind, 
e.g. dunes and to the action of vegetation, e.g. mangroves; coasts 
associated w'ith volcanic activity and with diastrophism. The secondary 
coasts arc divided into coasts formed by marine erosion, and coasts of 
marine sedimentation, including coral reefs. 

Thus, Gulliver’s classification has so far dominated much of the 
literature in coasts. 7 'hc reasons for abandoning Johnson’s first classi- 
fication arc important, as a genetic classification is vcr>' tempting. But 
how arc w'C to classify coasts which arc still imperfectly known? New 
discoveries ' descriptions, based upon principles subsequently 

recognized as false, to be abandoned. The general px)st-glacial rise in 
sca-lcvcl, commonly known as the Flandrian transgression, is a w’cll- 
known phenomenon. All the coasts of the world are, therefore, coasts 
of submergence, except where very recent tectonic uplift, of an amount 
greater than the eustatic rise of sea-level, has occurred. E.xception must 
also be madg of coasts affected by post-glacial isostatic upwarping. 

Vv'e will, therefore, adopt Gulliver's general principle. Although it 
may appear to be putting the cart before the horse, we propose to 
describe the sequenlitil forms first. If we know the coastal forms which 
may be produced by the action of the sea, we shall be in a bettti 'osition 
to understand the ways in whicl^ initial or primary forms may evolve. 
To argue ffom imagined primary forms to secondary forns involves 
the risk of too much speculation. No excuse is needed to emphasize 
the sequential forms for they alone are truly marine. 

These forms can be grouped into four main divisions: cliffs and rock 
platforms; beaches and dunes; estuaries, marshes, and deltas and coral 
formations. In the first group erosion predominates and in the other 
three accumulation. The division is not absolute for every beach under- 
goes occasional erosion; certain beaches bordering low’-lying land are 
constantly retreating; at any one time the front of a delta is advancing 
in some places and being eroded in others; on the other hand, the 
slumping of a cliff may temporarily delay marine erosion by spreading 
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a mass of debris on the shore. Coastal dunes, estuaries, and deltas are 
classed as primary forms by Shepard but included here because the 
sea affects the nature of the vegetation and ppvides the material for 
dunes: it also provides in conjunction with rivers the environment where 
estuaries and ieltas are formed. 

A. ROCKY CLIFFS AND PLATFORMS 

A cliff is a break of slope not covered by vegetation; its slope is usually 
steep, between about 15 and the vertical, or even overhanging: its 
height i : very variable: it is found at the contact of land and sea, and 
its existence is usually due in some way to the sea. Landforms pre- 
senting more or less analogous characteristics but not associated with 
the sea may be termed false chffs. The cliff usually has at its foot a rock 
platform of a much gentler slope than the cliff itself; this is traditionally 
knov^m as an abrasion platform. But some cliffs, both true and false, 
plunge straight under the sea with no break of slope especially at head- 
lands, e.g. Pointe du Raz, and the outer coast of Bellc-Ile; such cliffs 
are called plunging cliffs in English. In bays cliffs are usually fronted 
by a beach instead of by a platform of solid rock. A rocky coast and a 
coast with cliffs are not necessarily synonymous: at Penmarc’h in 
Brittany and in certain places on the north-east coast of the Maurcs m 
Provence the coast is rocky without any trace of a cliff, even a false one; 
more common, on the other hand, as Bourcart emphasizes, arc cliffs in 
non-consohdated wet sand, such as dunes or beaches in course of 
erosion, and in glacial deposits and m mud. 

The classic theory’ of the formation of the clifPand of the rock plat- 
form which fronts it is very’ simple and it will be sufficient to mention 
it briefly (Fig, 3 a): the seaward st(y:pcning of the edge of the land 
results from the removal of a wedge of material by the* mechanical 
action of the w’avcs: the rock platform marks the level at which this 
action has stopped, at least temporarily; it continues to be worn down 
by waves loaded with material derived from the erosion of the cliff. 
Waves ung^ermine the cliff' and periodical collapse of the overhanging 
parts results. Similarly waves erode caves, the roofs of which may- 
collapse. This process may be greatly helped by the compression of air 
trapped in t jem. Caves tend to be formed along lines of weakness such 
as non-resistant strata and faults. The abrasion platform is smoother 
than the cliffs, although in detail it shows many signs of structural 
control. 
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IIG. 3 (I IMS: 1 M’l S, S FRl V. URAL l n n TS, A\D r\ OLUTION 

A. Classic concept ol rccc’-sion \uth the tlcvclopmcnt v'f a marine 
abrasion plattorm aiui the construction of a submarine terrace rafter 
Johnson, igi9^ on a submcri:cvl coaM with a stable sea-level. B. HtTeci of 
jcMnts on the North Cornwall coast i alter Wilson, 1952 cf FtTcct of 
Palaco'/o'c faults on the Brittany coast east of C'oncarncau after Guilchcr, 
194^^: the main faults arc east-west an*.! the minor ones north-west- 
south-east. D. Hlfcct ot faults on the S<>uth Pembroke Clills after 
Geological Survey map, No. 245'. p'-i *. Zoning of corrosion fonns in 
limestones in different regions \,aftcr Guilchcr, 1 953). 
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This classic theor>^ is applicable in certain eases, especially in con- 
nexion with the fonnaiion of sea-eaves. It is undeniable that the sea 
hollows out caves by mechanical action. Conditions favourable for the 
formation of such caves arc almost infinite in number. Basic veins in 
granite or metamorphic rocks arc frequently etched out, c.g. on the 
Costa Brava in Catalonia, and in the region of St Malo and Dinard in 
Brittany. Bedding planes and lithological differences are often brought 
into relief, as in the Lower Devonian slates and quari/itcs at Pointe 
Armorique in the Rade de Brest, in the Carboniferous Limestone of 
the sovth coast of Pembrokeshire and the Gower peninsula, in the Old 
Red Saiidstone of north-east Scotland and the Orkneys, in the limestone 
of the Gaspe peninsula in Acadia, and in the columnar basalt of lungaPs 
Cave. The most spectacular effects of the sea arc to be seen in such 
forms. Apparendy insignificant faults are likely to give rise to significant 
features in places swept by waves: this is clearly seen in the cr^’stallinc 
rocks of Scin island in Brittany, where long corridors are formed, in the 
metamorphic coast between Concamcau and Loricni, and in some 
sedimentar>’ rocks, e.g. Carboniferous Limestone in Pembrokeshire and 
the Isle of Thanet Chalk. Clear examples have been described by 
Wilson from Tiniagcl in Cornwall (Fig. 3 B, c, and d). ISually the 
results are fissures several hundred metres or even more than a kilo- 
metre long, and eaves of greater size than diosc caused simply by litho- 
logical differences. The eaves often have narrow mouths but broaden 
out within. Collapse of the roofs is frequent, and givcs,risc to blow- 
holes which may resemble the swallow-holes and dolincs of karst 
scenery, depending on whether they arc complete or only partly formed 
as on the west coast of Belle-Ile. Naturally the foriii of the eaves depends 
partly upon the dip of the beds or on the slope of the fault planes. As 
stated by Panzer, near vertical dips arc the most favourable, but 
horizontal fissures may sometimes give rise to fine, flat-roofed eaves as 
in Cape Aguilar at Hong Kong. Two sets of joint planes at right angles 
to one another arc very favourable as in the Old Red Sandstone of 
Orkney. Either in the eaves or at their entrance arc found the largest 
rounded jnd polished boulders: blocks up to a cubic metre in size 
arc not exceptional. They arc evidence of the effectiveness of mechanical 
erosion in such places. 

That nor .hes or nips at the base of cliffs arc due to mechanical erosion 
is often much more improbable. This explanation need not, however, 
be rejected in every ease, notably in the dark friable Devonian shales 
of the Crozon peninsula, and the mica-schists between Ic Conquet and 
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St Mathicu point in I^nistcrc. But uhcre this gro<jvc or notch extends 
for a considerable distance, it appears to be usually due to chemical 
action. In this connexion v\e must distinguish heiuccn limestone and 
other rocks, and also envisage the e\oluiion of the cliff and the abrasion 
platform as a vs hole. 

A comprehensive examination of the known fiLi> about limestones 
seems to show that there i^ a general zoning of forms between the area 
reached onlv by spra} and low water mark '1 his zoning seems to be 
connected, perhaps indirccib , with the temperature, the form» being 
more developed in warm sca^ M ig 311-14; 

(li) In Lold and lempciatc seas, tor examrle in the C.arbonit Ji-ous 
limestone of the Briinh Is\ , one notice-, eoirosion hollow’s a i^w 
millimetres in diameter lorniing a iKt vork all over the in the 

sprav zone Lower dov' n, in the arn covered at high tiCe, the c arc 
replaeed bv pooL with overhanging edge'' ind flatt h tloo•'^ cut out of 
the rOi.k I ower still, as far as lovV wat(.r mark, ijviworks or sham 
pinnavles (coastal lapics 01 cc'ii^'dcr ible 'e arc loand in t on to 
the pools desviiOcg c^bov ^ p] I v, Ih w arc mud. more )a’:cd than 
those which cKcor in ncighlxiuring limc^ton^s ^ubiCc’cJ to ‘'UO^cnal 
erosion 1 hese coa tal lapic > have abo bcwii observed or ibe edge of 
lakes, noiablv m prc-C'ambii.,n lirr.c‘‘tc ne in me I in.m.in Shield 
\ubeTt de la Rue and in ( arbonilcro is I nm ' iie at I ough I me in 
Ireland tlicrclore, ‘•ah watei n<n e^sviniil tor tlv i dcwlopmcnt In 
we^UTn ( nniea, Ci. vago h. noiKed the ^airc thing m Miocene lime- 
stone, but mechanical cio ion his plivcd onx ; ni l.^re. ''Ouncilne^ 
have ^hown that bclo.v ^ i-L'* ^1 solution K'rm's weie Ic-s .mportant 
and much less ch iractensiic 

In warm waters, sucli as iho^c ol the coast ol Atlantic rocco, 
tne zone ot lagged lapies i- (iighcbup ib.e b^ach in tine zone covered bv 
high tides and b\ sprav 1 bese Iipics are iidalcd bv ^orrosum and .re 
separated bv small flai-tloored pwis wit’”' oveihai .^mg cd:e'- lower 
down, inidwav between higli and low w.iiei m. .rk tluv are repl’ce,! bv 
a svstc'm of large flat-bottomed pools pi I ( , separated bv s .iuctos 
crests on the average ^c eral centimetres b..g': and vUtMi.: ^heuiine^Hsne 
platform into a senes ot steps I bc-'c crests are not .orm^d ot piecTit- 
ated calcium carbonate, but ..re the rem nns ol coast.i. L.’\v.s as is down 
b\ the presence ot transition forms arid die nature oi it'e rock S 11 
lower down there is a zone where the pooN a ' deepened to several 
decimetres, instead of centimetres, and the overhanging edges arc 
''ubmerged. 'I he whole sv stem ends at low water mark in a small v ertieal 
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or overhanging cliff. This has been cfbserved in Morocco in limestones 
of diverse ages, Quaternary, Cretaceous, and Jurassic, all of which 
resist mechanical erosion. 

(c) A rather different example is provided by the shores of Provence 
and the Estarrit Massif in Catalonia, where below the lapies, which are 
common in the zone of breaking waves and spray, there occurs an 
overhanging, projection, generally less than a metre high, above a ledge 
formed of the calcareous alga Tenarea tortuosa. The constancy of the 
projection in this warm sea seems to be due to the small tidal range 
which ensures that solution is concentrated in a very narrow zone. 
Such a ledge is not confined to limestone coasts. 

(J) In very warm seas, such as the coral seas, a zoning, like {b) above, 
also exists, notably at Oahu in the Hawaiian Islands and in the Red Sea; 
but in addition a new form appears, a considerable overhang at high tide 
level, termed the visor by Wentworth (pi. I d). I'his lies between the 
zone of lapies, which is here even higher up the beach, and the rock 
platform with its system of large pools. Its base is at high tide level. 
The overhang in places projects more than 2 m. It occurs in both very 
sheltered places and on exposed coasts. It is found very frequently and 
often continuously for long distances in the Red Sea, in Bermuda, in 
Fiji, on the west coast of Luzon in the Philippines, in the Bismarck 
archipelago, in the Palaos, in Hawaii, in Western Australia, in Mada- 
gascar and in Tongking. In places it completely surrounds the base of 
small rocks which in this way develop into mushroom rocks. It is de- 
veloped principally but not exclusively on raised coral reefs. 

One must beware of attributing all coastal limestone forms to solu- 
tion or some other kind of chemical corrosion. An examination of chalk 
ledges on the Normandy-Picardy border in the region of Treport and 
Ault shows that boring made by limpets, mussels, and other organisms 
are very imponant, while mechanical action cannot Be excluded, 
because of the lack of resistance of chalk to non-chemical processes. 
Pot-holes even occur in hard limestones in Morocco and in Oahu; in 
the Crimea mechanical aaion also plays a notable part; in the same 
region underwater exploration has shown that boring organisms play 
an important part below low tide level, while they arc also important 
in the intertidal zone of the coral seas. In hard and compaa limestones, 
chemical corrosion is clearly the most effeaive of the processes aaing 
on the part exposed at low water, and creates there a unique scries of 
zones. 

In non-calcareous rocks, there are often regular notches at the base 
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of some cliffs^ which cannot definitely be attributed to mechanical 
erosion, c.g. in lavas and volcanic conglomerates of Fernando da 
Noronha, and the isle gf S. Vicente in the Cape Verde Islands. As 
noted by Zahn (quoted by Panzer) notches are relatively rare in 
Brittany and the Isles of Scilly, that is, in places wherc*they ought to 
be frequent if they were associated chiefly with mechanical processes. 
They are more regular and less deep than the hollows caused by break- 
ing waves. 

We must also point out, in addition to the forms already mentioned 
(p. 30), fine pittings in Lower Devonian shales in the Rade dc Brest, 
in the Erquy shales of northern Brittany, and in the Ordovician and 
Cambrian shales of Morocco; pittings in the Permian rocks and por- 
phyries of Provence (pi. i a); and small lapies in aplitc m the Rade de 
Brest. In general these features develop only in the spray zone; lower 
down the beach mechanical erosion predominates. Coastal lapics in 
granite and granulitc arc fairly common, at least in Brittany on the 
coasts of Leon and Tregor, the island of Sein, Penmarc’h, and Con- 
carneau, as v.r^* ns in Hong Kong. They have the form of basins, 
channels, and gutterN. Lines of weakness usually control their plan. But, 
even though they are essentially coastal and characteristic of the spray 
zone or a little farther back, they are also found in the interior of Brittany 
and Corsica {tafloni). Granular disintegration, possibly beginning in 
the 'Pertiary, may well have initiated such erosion. Sea-water and rain 
water may be the cause of their formation, but this is not yet entirely 
clear. 'Phcrc arc also coastal lapies in Cambrian conglomerates in south 
Morocco: these arc due to diifcrcntial erosion leaving the silicificd parts 
of the rocks projecting. 

Abrasion platforms caused mainly by mechanical crosior ertainly 
exist in rocks other than hard lima»*ionc, notable in certain shaka. Those 
with vertical or high dips at times have a polish comparable with that 
produced on marble. 

But the detailed study of coastal platforms, especially by students of 
the Pacific coast, has revealed in Australia, New Zealand, and Hawaii 
features which strangely complicate the traditional picture of such 
forms. At numerous points on the coasts of these countries systems of 
minor rock terraces, which cannot always be explained by lithological 
influences, have been ob^cn*cd. The terraces arc separated by vcr>’ 
steep or even vertical slopes, veritable minor clilfs in the face oi the 
major clijfF. In the outskirts of Sydney, Jutson uc'senbes three platiorms 
which he calls, from top to bottom, the high level, normal, and ultimate 
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platforms. The highest is only rcachdd in general by sprj^y and breakers; 
the second is in tlie tidal zone; the third is beneath low water level. 
Both in Hawaii and Australia the terraces arc often bounded on the sea- 
ward side by a small, discontinuous, rock ridge, slightly higher than the 
terrace itself. These forms have been observed in volcanic tuff, altered 
basalts, ferruginous sandstone, arkoses, and shales: usually the rocks arc 
decomposed or easily altered. Some Australian authors, especially Tair- 
bridge and Teichert, liken these terraces to the succession of solution 
notches on limestone, and explain them by slight post-glacial cusiatic 
changes of sea-level. But the ‘Melbourne School’ and Wentworth 
consid ^ this at most a partial explanation, and think that the terraces 
arc all being formed at the present time; the sea, in effect, cuts not one 
but a series of erosion surfaces. Most investigators (Bartrum, Hills, 
Wentworth) consider that jhc highest flats arc totally or partially due to 
‘water layer weathering’ (see p. 30); mechanical abrasion would only 
be the dominant factor in the formation of the lower surfaces. The 
existence of the discontinuous outside ridge is explained by the fact 
that at that point the rock is more constantly saturated by breakers than 
it is elsewhere. If the platforms were due to mechanical abrasion, one 
would not he able to understand the preservation of this ridge in the 
most exposed part. 

The efficacy of ‘water layer weathering’ is well established, although 
we have cast doubts (p. 30) on the exact nature of this erosion. Hut the 
part played by abrasion in the formation of raised platfonns remains a 
matter for discussion. Edwards thinks it quite effective, even dominant, 
on those high water level platforms which are narrow. Hills says, 
m.oreover, that in Victoria the narrow high v\atcr level platforms are 
chiefly found where the wa\cs arc strong, the others in the sheltered 
parts. One might be tempted to conoiude from this that decomposition 
at the edge of the pools, whatever its exact nature, is dominant, or at 
least vcr\' important, m the upper parts of the beach and the spray 
zone; lov.cr down abrasion would play the chief part, 'fhe platforms at 
the level of high water would therefore be narrow where the lower 
abrasion platform cuts actively into them and wide where abrasion only 
reduces them slowly from the outside. 

Nevertheless, there arc two difficTiltics at least: 

{a) If one admits that narrow high level platforms in exposed places 
are due to actual marine abrasion, one implies that the mechanical 
aaion of the weaves is capable of creating a scries of levels, a process 
very difficult to understand. The difficulty seems to be resolved onlv by 
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attributing all j-aised flats develop^ at the present day to some process 
other than mechanical abrasion. 

{b) Waves arc usually, stronger at high water than at low water and 
exact measurements taken by Berthois have proved that on the coasts of 
Brittany, and probably elscw'hcrc, these differences affecT the rate at 
which loose stones and pebbles are rounded. Below mean sea-level on 
normal shores with concave prohlcs the process is extremely slow' or 
non-existent, but is more rapid at the level of high spring tides and most 
cflective near the level of neap tides and a little below': at the Pointc du 
Portzic (Goulet de Brest) the sea at this level has in less than six months 
transformed blocks of dumped scricite schists into rounded boulders 
comparable wnth the ‘old’ pebbles of the neighbouring shores. In 
such circumstances how' could abrasion be preponderant at low tide 
level and be replaced higher up by w’eathejing? Thi^ only seems con- 
ceivable in the case of a shore with a convex protilc (p. i8) and it is not 
very likely that all the Pacific coasts which have been studied have such 
profiles. 

I'hese ditfl^ i must not lead one to underestimate the importance 
of agents other than waves on the so-called abrasion platform. In addi- 
tion to the development of solution notches, pitting and Lipies, the 
erosion on the edge of pools, the broadening of iissurcs and holes caused 
by marine organisms, we must also consider the action of ice m cold 
seas. There seems no doubt that the ledges, which surround many 
Norwegian fiords at about 50 cm. above mean sca-levcl, arc due to 
coastal fro>i shattering, d'hey cannot be explained by abra>ion in such 
sheltered waters on coasts with so limited a fetch. Nansen docs not 
hesitate to attribute to the action of the icc-foot the first stage's in the 
formation of the sirandllat (see p. 160). W ithout, therefore, gOiiig so far 
as to deny mechanical marine abwsion, wc must associate with it or at 
times substitute for it other processes of mcchamcah chemical, and 
biological nature. 

The profile and recession of cliffs depend both upon the rocks in which 
they are cut and upon the forces acting on them, the wind, fetch, and 
depth of w'aicr in front, etc. Only the hrst factor will be oonsidercd 
here. 

(cl) In incoherent materials such as sand, c.g. ciodcd dunes, loess, 
glacial deposits, recent alluvium, and volcanic ash, evolution generally 
swift and results from landslips (pi. II a and b). The clitfs of glacial 
drift in the region of Cromer and Mundesley in Past Anglia olVer 
examples of this. Sectors w’ith a vertical or verv steep profile alternate 
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with areas of hog back form resultingf from the collapse o/* large masses. 
The speed of evolution is due to the fact that the deposits never attain 
a slope of equihbrium, because the sea is constantly clearing away any 
material which slips down. These slips which result from the tendency 
of the slope to become less steep, generally follow periods of heavy rain, 
as do mud-flows, and arc, therefore, the result of subaerial rather than 
strictly marine action. But the removal of the debris from the base of 
the cliff by the sea is necessary for their continuation. The sectors with 
steep slopes are those where no recent slides have taken place. Cliffs of 
this kind can be seen in Brittany at Penestin, near the estuary of the 
Vilaine, i. the loess of the coast of Tregorrois and in the region of St 
Cast, where the steepness is caused by the compactness of the loess. 
They are found in Denmark, e.g. the Bastrup cliff in Zealand on the 
Great Belt and are very conjmon in New England, notably in the drum- 
hns near Boston. In the drift cliffs of Norfolk and Yorkshire there are 
well known and often quoted examples of villages which have dis- 
appeared into the sea. Between Flamborough Head and Spurn Head at 
the mouth of the Humber, the drift coast of Holdcrness has receded on 
an average 65 m. between 1852 and 18S9, that is about 175 m. a year. 
At Withernsea nearly 5*5 m. a year w'erc lost betw’een 1852 and 1876, 
and at another point on the same coast 305 m. w^ere lost between 1847 
and 1908 (Steers). But the record seems to be held by cliffs cut in 
volcanic ash: Umbgrove has shown that those of Krakaroa have in 
places receded 1,500 m. between 1883 and 1928. Similar facts have been 
noted by Hoffmeister and Ladd in the tufa, scoria, and pumice of the 
Tonga islands. Such erosion, together with subsidence, is the explana- 
tion of the rapid disappearance of small volcanic islands like the one 
seen near Pantellaria in 1831. 

{b) In clay, the cliff may be cut by* ravines of the type found in bad 
lands (Fig. 4 i): the lower part is formed, at least in places, of convex 
masses which spread over the beach during periods of heavy rain. The 
clay absorbs the rain (Fig. 4 a), and then dries out and becomes riddled 
with cracks due to contraction. Here again, the form is of subacnal 
origin, but the continuation of the flow’s depends on the w’ashing action 
of the sea at the base. Sometimes on the reverse slopes between the 
slipped masses and the cliff proper pools arc formed. The cliff of the 
Vaches Noires in the Oxford Clay in Normandy shows typical bad 
lands, as does that at Boulogne in the Kimmeridgc Clay and that of 
Highland Light near Cape Cod in New England. The convex masses 
and the hollows from which they have slipped are very clear in the 
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plastic clay at Rjosnacs in the west of Zealand in Denmark, and at 
Trimingham, Norfolk, in the marly and compact till at the base of the 
Pleistocene (these beds are attributed to the North Sea glaciation and 
lie below more sandy layers). Clay cliffs recede generally much less 
rapidly than the preceding type, but at Trimingham the top of the cliff, 
being more sandy, undergoes slipping. Thcye is here, therefore, a 
superposition of the two types. 

(c) A very interesting type of cliff occurs where a hard massive rock 
lies above an incompetent impermeable rock. Such an arrangement is 
seen at the Warren at Folkestone, at La Heve near Le Havre, and at 
Seaton in Devon (Fig. 4 b and pi. II c). In the first and second places, 
the upper part is Chalk, and the base, at least in part, clays of Middle 
and Lower Cretaceous or Upper Jurassic age; in the third place the 
Chalk and the Upper Greensand form the compaa higher part, while 
below arc sands and clays, ranging from Lias to Keuper in age. Such 
cliffs arc subject to huge landslips; those of Christmas 1839 in the neigh- 
bourhood o^ Seaton involved a mass estimated at 8 million tons; in the 
Warren at F^'l'^estonc, ten important slides occurred between 1765 and 
1915. The chalk at the top exerts a pressure on the underlying clay: 
when the clay is saturated by prolonged rains, it flows towards the sea, 
carrying with it huge blocks of chalk. At the Warren very' low tides 
create a situation favourable to slides since the base of the cliff is not 
then supported by the sea. The profile is, therefore, one of a staircase 
of faulted blocks, called Panamanian faults by J. Bourcart, with more or 
less convex masses at the base. The details of the slides vary with the 
locality and peculiarities of structure; but very large falls in chalk cliffs 
arc strictly confined to pla^^cs where the base of the cliff is not chalk 
but clay. 

When, on the other hand, satiyated clay is found above hard rocks, 
the cliff has a convex outline, the mud llouing over the edges of the 
hard beds which may at times be concealed, c.g. at Folkestone beween 
the town and the Warren, where the base is formed of Lower Greensand 
and the top of Gault (day. 

{d) Profiles and modes of evolution in resistant rocks are pot every- 
where the same. In every' case retreat is less rapid than in the preceding 
types, but it varies from rock 10 rock. 

Calcareous rocks including chalk tend to give vertical cliffs, as do 
columnar basalts, sandstones and certain old shales (Fig. 4 c and f). 
Examples are found in the Pays dc Cdiux and in south-east England in 
chalk, in the north of Scotland at Duncansby Head and in the Orkneys 
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A Clay cliffb with mud flow > 'after Schou Rp'isnaes, Denmark, tvpc. 
B. Cliffs with lar^c land lips limcsturcs o\li marl'» Seatun t\pc ( 
Chalk cliff with talus and a dry hant^int? \alle\ Caux t\pc n ( hff in 
inierbcdded flagstone*’- and cla>s, with slab-, ol flagstones resting on the 
clay AlpKch, Boulonnais, t>pc i Valle\ captured b> cliff recession 
and so rejuvenated P ClilF characurisiic ol hori/otital sandsri)ne, lime- 
stone or basalt Frchcl or Duncansby t>pe c I aisc cliffs with small 
modern sea-cliff at base ancient massil, or C dtc d’A/ur t>pe ii ( liff in 
sandstones, hr tones, or slates with sir )ng seaward dip 1 rebel l>pe 
I. Bad lands and wane tans developed on clay cliffs j lArmanenec ol 
Carboniferous Limestone cliffs of the Gower peninsula indicated by 
the presence of the raised beach (black dotsj at their toot (alter George, 
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in Old Red Sandstone, in Ireland in basalts, in Brittany at Belle- lie in 
pre-Cambrian schists, and at Cap Frehel in Carboniferous sandstone. 
In every case there arc exceptions to the rule, particularly when the dip 
is towards the sea and is not too near the vertical; either the cliff profile 
follows the dip, or, when the beds dip with, but at a greater angle than 
the slope, the profile takes on a saw-tooth ^appearance, for example 
between Cap Frehel and Sables-d’Or-les-Pino (Fig. 4 n). Horizontal 
beds, beds dipping landwards, or almost vertical beds seem to offer 
conditions fiivourable to vertical cliffs: but structural details and local 
differences in evolution often lessen this vcrticahty. The steepness of 
chalk cliffs, for example, may be decreased by landslides, as between 
Dover and Folkestone. All these cliffs evolve as a result of violent and 
infrequent slides, while in the intervals between little or nothing 
happens. The fallen masses enclose great boulders, which come from 
high up in the cliffs and have been for a lo^lg time subjected to erosion 
by land w atei in the joints and cracks. In general it may be said that all 
the preceding types of cliffs only evolve visibly at times of storms 
accompanies^ bv large waves and heavy rain, which occur mainly in 
autumn and winter in oceanic temperate countries. Such discontinuity 
of evolution is eharacteristic of mcshanical action on the coast, and is 
the opposite of what happens with chemical erosion. 

Slacks and arches in front of chalk chtfs are somewhat exceptional. 
The Sheringham tubular slacks are associated with chalk hardened by 
secondary litliification along solution planes (^Burnaby). 

In crystalline and meiamorphic rov.ks, and in very hard sand^lone 
like the Armoncan sandstone ot Ordovician age, the ‘chlfs' have a 
convex outline and arc usually covered vvjih vegetation over the greater 
part of their height. Only the lowest third or quarter is su‘><ecl to the 
direct action of the vvavc^ and (prms a true clilf; the rest is a slope of 
entirely suoaerial origin and mu^i be called a false cliff (Fig. 4 g :. It is 
the typical cliff profile of ancient massifs such as Wales, Cornwall, the 
Armoncan Massif, the Maures Massif, Cinira, and Nova Scotia. In the 
part attacked by the sea, recent erosion may be pronounced, but it 
remains a detail only. The profile suggests stability: it is icalLv the slope 
of a hill eaten into by the sea at its base without any modification 
being caused higher up. 'Fhis is equally true in Frovence, along the 
coast between Marseilles and Cassis, which is formed of hard Lower 
Cretaceous limestone, r.ven the high escarpments between Cassis and 
la Ciotat arc not true cliffs but a cucsta enclosing the basin of Ic Beausset: 
scarps just as pronounced occur in certain places not attacked by the 
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sea north of Cassis.' False cliffs again occur on the high coasts of Cap 
Roux in Esterel, Cap Ferrat in Villcfranche, and Cap Martin near 
Menton (pi. II d). Old massifs are not, therefore, the only places where 
the mechanical action of the sea seems weak today. 

In the Armorican massif the platform in front of the false cliff is not 
a true abrasion platform: ^it is littered with angular blocks produced by 
the waves re-sorting periglacial Quaternary solifluxion material resting 
on solid rock, which is itself heavily fissured by cryoturbation contem- 
poraneous with the flows. For example, at Plouguemeau and Guissc^ny 
in north Finistere, it is easy to see the transition from intact periglacial 
deposits t^ the residual deposits of large boulders which litter the 
shore. 

A consideration of the relief of the land in the immediate vicinity 
often supplies valuable indications of the importance of marine erosion. 
If the land is hilly and if a* true cliff is backed by land sloping away 
from the sea, the sea has consumed at least half the hill. Where the 
slope above the cliff is directed towards the sea marine erosion has 
not yet destroyed half the hill, and by extrapolating that slope one can 
make an estimate of the amount of land lost, unless one or more hills 
lying in front of the cliff have already been totally swept away. 
Generally, however, an examination of a fairly long sector of the 
coast by an experienced observer will allow him to decide what has 
happened. 

In regions of boulder clay and drumlins a complete disorganization 
of the relief of the land is caused by the retreat of the cliffs: the drumlins 
are in all stages of erosion; numerous examples occur in New England. 
In chalk it is not rare to see hills half eroded awjfy; the valleys cannot 
adapt themselves to the rate of cliff recession and end in abrupt drops, 
thus forming hanging valleys; but generally a good aerial photograph 
allows the general position of the shore previous to the retreat of the 
cliffs to be reconstruaed by prolonging the slopes of the hills. In old 
massifs, either there is no retreat or only negligible retreat: valleys 
parallel to the shore and captured by small marine inlets (Fig. 4 l) arc 
not uncomjnon on some coasts but they are by no means typical. They 
occur at Belle-Ile, Ushant, south of Kingsbridge near Start Point, and 
especially in north Devon and north-west Somerset where Arbcr has 

^ These are not the highest cliffs of France, as has sometimes been claimed. 
The highest cliff' ire found at Houlgate in the pays d’Augc in Oxford Clay 
and Lower Chalk; but particularly m Caux between la H6vc and Aniifer, just 
north-east of Fecamp, between Dieppe and Cricl, and at Blanc-Ncz in the 
Pas-de-Calais — all these are chalk. All are roughly 1 10-15 m. high. 
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made an excejlent study of themr the Valley of the Rocks at Lynton is 
a model of this kind. 

Another proof of the jlowncss of retreat in many places is the presence 
at their base of strips of beach which existed before the last glaciation, 
the so-called Lower Monastirian beach. These beaches are numerous all 
over western Europe (pp. 45 ^ 6). They show rjiat many shores, notably 
the north of the bay of Audierne, in the Gower peninsula of Wales, and 
in south-east Ireland, have receded little since the end of the Ice Age 
(Fig. 4 j). The beaches rest on an old marine platform, w’hich was 
probably never very wide. Such beaches arc not unknown outside the 
ancient massifs: they can be found in the Chalk on the outskirts of 
Brighton, on the cast coast of the Straits of Dover, and in Picardy. In 
many other parts of the world, e.g. Morocco, Algeria, Portugal, and the 
Lebanon, the existence of old raised beacl^es along the coast shows the 
feebleness of marine erosion at present sea-level. Rocky shores are often 
old shores again subjected to erosion. It can, therefore, be said that the 
rapid retreat shown by cliff's of glacial drift and volcanic ash is rather 
cxccptionpl " ^^.rsze number of authors have reached the conclusion 
that erosion of rocky coasts is much slower than subacrial erosion; 
Wentw'orih (1928) considers it to be seven times slower in the Hawaiian 
Islands; Smit Sibinga, from a consideration of the relative rarity of 
hanging valleys, is equally favourable to the idea of the dominance of 
fluvial denudation; if this were not so, he says, there would be coastal 
falls along -all the coasts in the world. ^ Kuenen reaches similar 
conclusions. 

We must not, however, be dogmatic in this matter. On the west and 
south-west coasts of New Zealand, Cotton points out rapi^ "‘ctreats in 
many places. Although these arc not measured, they are sL*wn quite 
clearly in photographs, and occur even in resistant rocks like those of 
the volcanic district of the Waitakcrc range near Auckland. We must, to 
understand them, take into account the great swell of the west and south 
Pacilic, which, because of the steepness of the submarine profile, is 
hardly weakened before reaching the New Zealand coast. 

When the sea leaves a shore as a result of a movement of base-level 
or because of aggradation at the foot of the cliff, the cliff rapidly becomes 
degraded. There arc certainly old marine notches on many coasts, while 
dead cliffs like those of the Bas-Champs of Picardy are not rare But 

^ Certain hanping valleys are not associated with the retreat of the cliff, but 
result from changes of sca-lcvcl. Examples arc found in south Brittany, in some 
Cornish valleys and in the Cinira Massif in Portugal ^^Guildicr, 1948 and I949\ 
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their forms are degenerate, their slope diminishes quite quickly and 
those which are older than the last glaciation have often been covered 
with flows of periglacial solifluxion or with loe^. Where they are now 
fresh-looking, they have been re-attacked by the waves. 

B. BEAfcHES AND COASTAL DUNES 

‘The sea is a consumer and not a producer of sand.’ Fcrroimicre’s 
striking phrase illustrates the great importance of constructional 
features. Unlike most cliffs, beaches are built, altered, and eroded with 
great rapid'ty. In beaches much more than on clifls there is continual 
change. 

The materials of beaches. A beach can be defined as an accumulation 
on the sea-shore of material;^ coarser than mud (pp. lOO i). But certain 
beaches become muddy in the low water zone. The following termin- 
ology has been proposed by Bourcart for the calibre or grades of 
material: 

— from I m. or more to 2 mm.: pebbles. This category includes 
boulders (diameter above 500 mm.), shingle and angular pebbles 
(500 to 25 mm.), gravel (25 to 10 mm.), and fine gravel (5 to 
2 mm.). 

— from 2 to 0-02 mm.: sand. This includes coarse sand (2 to i mm.), 
medium sand (i to 0-5 mm.), fine sa?id (0 5 to 01 mm.), very fine 
sand (o-i to 0 02 mm.). 

— from 0 01 to 0 00 1 mm. (silt): from o 001 mm. to o-oooi mm. (pre- 
colloids): less thah O’OOOi mm. (colloids). 

A natural sediment nearly always includes several grades. BcaLhes 
range in texture from a predominance of the coarsest material to a pre- 
dominance of very fine sand. The term shingle beach should be re- 
stricted to one with a predominance of the coarse grades, shingle and 
gravel. 

There is no progressive change from one grade to another by gradual 
attrition: in particular, sand appears to be derived only to a small 
extent, if at all, from the reduction of shingle. By collisions shingle 
breaks up to produce smaller shingle; by rubbing shingle produces silts 
or colloids. Sand may be eroded by the sea from river deposits; from 
rocks already rotied, from uncemcnled sandstones, or from glacial or 
periglacial deposits. But only the sea is capable of quickly giving them 
that smooth roundness which has been defined by A. Cailleux; the sea 
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produces in the stones a higher ihdex of roundness, a greater flatness 
and greater symmetry than do rivers.^ By these characteristics marine 
sands and pebbles can t>c distinguished from fluvial deposits. 

The contrasts in the rapidity of the rounding of stones at different 
heights on the beach, as found by Berthois, have been emphasized 
above (p. 69). This depends on the conca^iily of the beach which 
reduces the breaking of the waves at low w ater and also on the Laminaria 
which grow at very low tide in middle and high latitudes Tp. 31). The 
exceptions which occur when the profile is not concave concern rock 
platforms rather than beaches. 

In low parts, how’cvcr, certain organisms which pass material 
through their intestines can transform calcareous sands into mud 
(p. 31). 'I'hc sea may also continually sweep on to certain coasts, like 
those of the Landes of (lascony, masses of^sand the source of which is 
not always know’n. Heavy mineral analysis, however, is often useful in 
establishing the origin of the material as Vatan did on the coast of the 
Gulf of Lions. 

I'he m;U'’.‘' ' of a beach are hardly ever e\en approximately of the 
same size: they arc heterogeneous, but better sorted than fluvial sedi- 
ments. 'I'hc sorting of the matLiial on the basis of density, size, and 
form, and the fragmentation of shells, is more complete where the 
beach is very exposed to ilie sea. W'hen the (L'posits includes shingle 
and sand, the shingle is mainly concentrated at the surfiice in the zone 
of high tide‘»and storm wa\es, in the low tide zone sand alone or sand 
w ith little else is present; in the same zone and in that of very low tide 
angular pebbles are mixed with the sand on certain beaches or during 
certain periods. In vertical sections through the beach in f'C shingle 
zone, the shingle below is smaller than on the surface, and z. xcd with 
gra\el. wSeciions in sand and gravel without shingle are more complex. 
C\'riain rocks favour the presence of banks of shingle, e.g. chalk because 
of Us flint, and all sedimentary rocks that resist destruction. As a result 
there are large numbers of flint shingle beaches on the coast of the 
Pays de Gaux and south-eastern Kngland, shale or slate beaches in 
Cardigan Hay, and beaches formed from Armoriean sandstuuc on the 
Crozon peninsula. On the coasts of granite massifs which have been 
largely weathered into sand, shingle beaches are, on the contrary, rare, 

' nct'initions 'J'm s u ' L the length of a stone, / us breadth, h its 
thickness, r the Last radius oi ciireatiire in the puncipal plane ot the stone. 

AC , , ^ r j 

1 lie asymmetry is ; the flatness , the index of roundness is . 

Lt c. 
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e.g. north Brittany, and sand usually dominates up to the top of the 
beach. But in certain cases accumulations of shingle may be derived 
from considerable distances, perhaps brought by floating ice in the 
Quaternary period. 

Stones scattered over a sandy beach have their main axes parallel to 
the shore, that is paralld to the waves (Caillcux). Currents and waves 
on the coast cause the stones to overlap in two different ways (Fig. 5 c). 
This may reveal, in coastal accumulations of shingle where currents 
and waves operate at the same time, the predominant cause of the 
arrangement. It has been observed that waves are the more important, 
except in c ^rtain cases where a tidal current alw^ays flows in tlie same 
direction, as at Kilaourou, island of Sein. 

On the banks of certain lakes winter frost-shattering prevents the 
formation of shingle as there is insufficient time for rounding to occur. 
Taber has estabhshed this in the United States in the state of New York, 
but only where stones are embedded in clay: those embedded in gravel 
are rarely cracked and are formed into shingle. 

The essential parts of a beach. We may propose the following classifica- 
tions of the different parts of a beach (Fig. 5 a): 

— The offshore zone (Fr. avant-edte): situated in front of the beach. 

— The level of the highest tide in calm water (Fr. trait dc cdte)\ a 
feature which on maps marks the limit of land and sea. 

— Upper beach (Fr. cordon littoral) and lower beach or foreshore 
(Fr. has de plage): the two parts of the beach (Nos. 3 and 4) arc 
often separated by a line (No. 5) where the slope and calibre of 
the deposits decrease markedly. When the upper beach is not 
tied to a cliff or dune line it includes beyond the beach a reverse 
slope (No. 6) and in this case often encloses a lagoon (Fr. ctang 
de barrage). 

— Beach ridges or berms (Fr. gradins de plage): ridges built up by 
successive high water levels, or, in tideless seas, by storms of 
decreasing height (No. 9). These arc particularly clear on shingle 
beaches, where up to 5 or 6 ridges may be recognized when the 
beach is very high, e.g. Ero Vili in the Bay of Audierne, Chesil 
beach near Portland, and Dungeness. The highest ridges (Fr. 
arete de plage) are built up by large storm v^aves at some height 
above the high water level of calm water (No. 10). The crest of 
Chesil beach reaches 13 m. above high water level in its south- 
east portion. This is exceptionally high and is due to its 
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A. I. Beach. 2. Shore. 3. Upper beach (.cordon liitoraU. 4. Foreshore. 
5. Break ot slope between upper beach and foreshore. 6. Inner side of 
beach ridge. 7. Lagoon. 8. Marsh. 9. Berms. 10. Storm beach, ii. Cl^oast- 
line. 12. Ridges and runnels on the foreshore. 13. Channel on foreshore. 
14. Pool in runnel on foresht»re. 15. Beach cusp. 16. Apex of cusp. 17. Bay 
of cusp. 18. Horn of cusp. 19. Ripple marks. 

B. Dimensions of a pebble: L length; / « wndth; E thickness; 
r least radius of curvature m the prmcipal plane i.atter Caiileux, 
Berthois, and Tricart). 

Ways in which pebbles may overlap under the influence of waves 
and currents (after Twenhofel). 

D. Formation ot rhomboidal ripple marks (.after Demarest). 
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exposure towards the south-west facing the direction of greatest 

fetch (Fig. 27 a). 

The slope of a beach varies with (a) the material of which it is com- 
posed, being steeper on shingle than on sand, (b) the part of the profile 
under consideration, as gradients arc steeper in the upper parts of the 
beach, (c) the local topography, gradients being steeper near rocks. 
Shepard quotes mean gradients ranging from 2 in sand, 01 2 mm. in 
diameter, to 20 in pebbles of 64 mm. diameter. We have measured in 
Morocco exceptional slopes of from 30 to 31 on certain shingle 
beaches and ii on certain sand beaches, where no undercutting has 
occurred; the first of these figures agrees with that given by Kuenen. 
Bascom, who has studied the profiles of forty sand beaches, with an 
average grain size of 01 7 pim. to i mm., on the Pacific coast of the 
United States has found, in the zone subjected to the action of the 
waves at half-tide in a number of places with different exposures, slopes 
of from I to 22 . In the same zone erosion of the beach fiaitens the 
profiles, aggradation steepens it. 

Minor beach forms 

Beach cusps (FV. Croissants dc plage). These arc features of the upper 
beach and not the foreshore (Fig. 5 A, Xos. 15-1S). They are found in 
tidal seas, tideless seas, and lakes. They consist of triangular shingle or 
gravel ridges separated by hollows open towards the sea, rind occur in 
series of variable length. The difference in height between the hollows 
(bays) and the crests (horns) varies usually from a few' centimetres to 
a few decimetres; occasionally it exceeds i m. and we have seen one 
case at St Ives (Cornw all) of a difference of 3 40 m. The wave-length 
(distance between two crests or two consecutive hollows) is also vari- 
able; the average w'ave-lcngth of twenty-tw'o scries measured by the 
author varied from 5 m. to 77 m. In any one senes there are sometimes 
considerable irregularities. An important point is the effect of the 
material on the size and regularity of the cusps: other things being equal 
the cusps are longer and more regular in sand than in shingle, and 
longer in shingle than in sea-weed w’hcn this is entangled in the upper 
beach. The reason is, doubtless, that sand is easier to move than 
shingle. Yet cusps arc rarer in sand than in shingle, perhaps because a 
fairly strong oiope is necessary for their formation, as Fscher has 
affirmed, and because shingle beaches have usually steeper slopes than 
sand beaches. But, in a given set of cusps, the material is coarser in the 
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horns than in the bays, as Guilcher, Berthois, and Boye pointed out. 
Boyc attributed this to the process of their formation. 

Cusps are associated with the movement of the swash. All systems of 
large waves may not produce large cusps but all large cusps are formed 
by large waves; when there are several systems built up successively 
on a beach at different heights, the highest arq generally the largest as 
they are due to the greatest waves. The breaking wave rushes up into 
the hollow: during the backwash, it retreats first from the cusps and 
then from the hollows. The backwash of a large wave acts as a brake on 
the following smaller wave which advances less into the hollows than 
towards the cusps. 

The process of formation is not yet well known. Several authors 
(Jefferson, Evans, Guilcher) have asserted that beach cusps may be 
formed from the breaking up of banks of sea-weed or from a beach 
ridge; this break localizes the outflow from* the spray-fed pool behind 
the ridge. But the breaches must be spaced at intervals corresponding 
to the wave length of the cusp system which can establish itself at the 
place under C'^nsideration as a function of wa\e-hcight, the slope of 
the beach, and the material of v.hich it is formed. This is doubtless not 
the only method of formation. On the other hand, it has not yet been 
explained why, with similar slopes and material, certain beaches have 
cusps and others ha\c not. We can only observe that certain beaches 
develop them more readily than others, and that they keep them more or 
less permanently, e.g. the pebble bea<.h in the Bay of Audierne. Riviere 
and Mademoiselle Vernhet have noted that cusps form as the sea calms 
down after a storm in Provence; but that docs not appear to happen 
cvc^yv^here. According to Boye, they are formed at the beftinning of 
the ebb-tide in seas where the tidal range is large. 

Ripple marks {Fr. rides dc plaqc) are found on the foreshore and not 
the upper beach (Fig. 5 A, No. 19). Sand ripples arc found u the bottom 
of lakes, rivers, and seas at very great depths, even as low as 1,500 to 
2,000 m. in restricted straits in the Canaries and East Indies, according 
to Twcnhofel. 

Sand ripples arc of diftercnt types. Oscillators’ ripples have ‘symmetri- 
cal slopes, sharp crests, and rounded troughs. They result from the 
to-and-fro movement on the sea bottom produced by the passage of 
waves. Their si/c varies with that of the waves and the depth of water. 
Their average height is from 5 to 15 mm.; their wave-length 3 to 
12 cm. They arc perpendicular to the direction of the movement of the 
waves. 


C.S.M. — F 
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Ripple marks produced by currents (pi. Ill b) are asymmetrical and 
their crests are rounded. They are formed at right angles to the current, 
and their gentle slope faces the direction from which the current comes, 
the other slope being the angle of rest of* the material. They are 
formed when the current exceeds a critical speed, varying with the depth 
of water and the size ofjthe sand grains, and they move in the direction 
of the current. If the current exceeds a second critical point, they cease 
to be formed, as the sand is lifted and moves in suspension in the 
water instead of rolling on the bottom. If the speed increases further 
and reaches a third critical point ripples arc again formed, but are dis- 
placed upstream by erosion on their downstream slopes and deposition 
on their upstream slope; these ripples, which are symmetrical, have been 
called ‘antidunes’ by Gilbert. The passing of the third critical point 
leads to the formation of broad, rounded, and more irregular crests 
which move downstream vfith the current. A decrease of speed changes 
them into current ripple marks of the first kind. Ripple marks at great 
depths are all due to currents. This type is common in rivers and 
estuaries; the crests of those of the estuarine part of the Loire, called 
^ridens\ move a few metres both downstream and upstream during 
one tide. The play of swash on a beach can also create transitory current 
ripple marks between two waves. Those of the Loire can exceed 4 m. 
in height; those on the sea-floor, w’hich are never seen, may reach 8 m. 
or even 13 m., as on the Falls and the Vame banks, in the southern 
North Sea and Straits of Dover. , 

Lozenge-shaped or rhomboidal ripple marks (pi. Ill c) quite often 
form systems of marked regularity. The rhombs, the major diameters 
of which follow the slope of the beach, arc only a* few centimetres long. 
They are formed at the time of the backw^ash, as described by Demarest 
(Fig. 5 d). The flow of the film of w’ater in rapid retreat is at first very 
turbulent. When it does not exceed approximately 2 cm.’ in depth, a 
rhomboidal system is formed in it; when the depth is no more than 
I cm. small current ripple marks are formed in the sand; then every- 
thing becomes indistinct. After the backwash has passed, water springs 
from the saturated sand; small temporary cusps, like little ditches con- 
cave towards the lower part of the beach, are formed in the sand. Then, 
when the sand dries, a rhomboidal system appears. All this happens in 
a matter of seconds. 

All the preceding ripple marks arc forms affecting sand or gravel; 
but Van Straaten has also mentioned the existence of ripple marks in 
mud on the shore of the Wadden Sea in Friesland. They arc sym- 
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metrical and parallel to the direction of flow of the tidal current unlike 
the ripple marks of the neighbouring sand banks which are perpendicular 
to the current and asymmetrical. They disappear in very calm weather. 

It is common to sec oscillation and current ripple marks combined 
as well as two sets of the same type crossing each other. These com- 
pound forms arc more common than simple systems. When the two 
causes arc not of equal importance the secondary system is super- 
imposed on the principal one, which dominates the pattern with its 
greater wave-length and height. The complexity of sand ripple marks 
is therefore considerable; it is, in fact, greater than can be dealt with 
here. Although generally temporary, these formations may be pre- 
served in fossil form; very fine fossilized ripple marks are seen on the 
Trias flagstones of the dome of Barrot in the Maritime Alps, and on the 
Ordovician of Dar bou Azza near Casablanca. 

Lozes and balls^ runnels and ridges (Fr. cretes et sillons prelittoraux). 
These forms arc rarely met with on the upper beach but more often on 
the lower part of the beach (Fig. 5 A, Nos. 12-14) and offshore in seas 
and lakes. Th^'v are ridges parallel to the general direction of the beach 
or slightly oblique in relation to it; their slopes are gentler than those 
of the ridges of the upper beach. However, the difference of level be- 
tween crest and hollow' may reach or exceed i m. and even several 
metres in forms which are always submerged. The continuity of those 
which emerge at low w’ater is often interrupted by small channels. In 
the runnels ponds may be found, from which water runs aw'ay through 
the channels at low tide. Lows and balls arc very common on broad 
beaches of sand, c.g. the coast of the Landes, the Picardy Bas-Champs, 
southern part of La Vendee, French and Belgian Flanders, Blackp>ool 
and Southport, Blakcncy (Norfolk), Norderney (East Fric md), the 
Algerian coasts notably at Sidi Ferruch, and Lake Michigan. Some are 
relatively fixed in position, others tend to move towards the upper 
beach and to disappear there (migrating bars), a fact which has been 
observed in tidal seas by Doeglas in Holland and even in tideless seas 
by Schou on the Baltic. All var}" in height accordmg to the w’cather. 
Generally speaking these variations arc linked with the strength of the 
swell. In severe weather the crests, whether they arc parallel or oblique, 
flatten or disappear; they form again in a moderate swell. 

Vi'illiams considers that one must distinguish, from the genetic point 
of view, bars in tidclcss seas from those in tid:'l seas. The first — anJ this 
theory' is supported by Evans — are formed at me break-point of waves; 
the wave makes a small hollow’, the sand removed bemg formed into a 
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bar on the seaward side. Timmerman’s experiments in a wave tank 
seem to have confirmed this ihcorj'. Systems of waves of different 
heights not breaking at the same point might explain compound systems. 

In tidal waters it is clear that this explanation cannot carry much 
weight as the break-point is constantly shifting with the tide. Williams 
thinks that the cause might be the swash, which at the time of the ebb 
would build, up a series of small ridges enclosing pools: these ridges 
would build up again at each ebbtide. I'his explanation does not appear 
very plausible; in any case it takes no account of the constantly sub- 
merged ridges which form part of the same series. It w^ould be awkward 
to have i assign a different origin to these. The problem has not been 
solved, nor has the absence of these forms on, and in front of certainly 
apparently favourable beaches been satisfactorily explained. It is not 
correct to say that they exist only on beaches with a very' gentle slope, 
because they are met with^on the coast of the Landes. The channels 
w^hich interrupt the ridges on the lower beach may be due in places to 
rip currents (pp. 20 i) and so may the parts of the troughs adjacent to 
the channels. This has been seen at La Jolla in California. 

Offshore bars parallel to the coast do not appear to be formed of 
material brought by longshore drift. This idea (Gilbert, 1885, pp. 88- 
89) has been rightly opposed by Johnson, Timmermans, and Docglas. 

Ridges oblique to the shoreline appear to be associated with the pre- 
dominance of an oblique sw'ell: e.g. north-w’cstcrly swell on the coasts 
of the Landes, Senegal, and south Mauretania, and sQuth-wcstcrly 
swell on the coast of the Bas-Champs of Picardy. The ridges tend to 
ahgn themselves peipendicularly to the sw’ell, thus illustrating a general 
tendency in coastal forms (Lewis’s law': p. 182).* In these examples, a 
longshore movement of material by coastal drift is common. 

The changing profile of equilibrium of beaches. It is a well-established 
fact (H. Bauhg, Mile Lefevre) that the profile of equilibrium of a river 
is not necessarily a final profile which suffers no further change unless 
base level changes. This is even more true of the profile of equilibrium 
of beaches, where a balance is attained between the dimensions of the 
waves, and the calibre and amount of the material derived from the sea- 
floor, cliffs, or rivers. In general the profile is concave but in detail it 
may very well diverge from a regular concavity, especially when 
affeaed by ridges and runnels. The profile of equilibrium of beaches 
is attained muLU more quickly than that of streams, and is constantly 
modified, especially by variations in the strength of the waves. It docs 
not depend upon the youth or maturity of the shore; if the latter con- 
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tains no outcrop of solid rock, a profile of equilibrium will be formed 
no matter what stage of evolution the shoreline has reached. 

In particular, beaches are combed down when storms blow onshore, 
and built up in times of fine weather or offshore winds. To put it 
another way the profile is lowered when the weaves are large and rises 
when they are small. Variations in the ampliiii 4 c of the ridges and run- 
nels (p. 83) are associated w'ith this phenomenon: exatnples are as 
numerous as the beaches themselves. For example, during the 1939-45 
war an abnormally long period of north-east winds lowered the shingle 
ridge at the edge of the breakwater south of Fecamp by 7 m., so that 
the foundations were laid bare and the German occupation authorities 
had to repair it. But scarcely had the repair begun than the prevailing 
south-west offshore winds returned and the beach aggraded with great 
rapidity so that protection became unnecessary. Combing down can 
remove the whole of a beach and cause the underlying rocks to appear. 
This happened at Deauville in 1950, when the mud underlying the 
sand appeared at the surface. Material carried away by storms never 
appears to c'' '^cr\ far; it is transferred offshore for a time, or even only 
to the lower parts of the beach, and then comes back again. At Safi, for 
example, heavy north-west swell, which erodes the beach, deposits 
material on the sea-floor in front down to a depth of 7 m. below’ sea- 
level; lower down, variations are small. In the United States the Beach 
Erosion Board has made a systematic study of this type of erosion in 
order to try ,to find a remedy for it. These studies have considerable 
economic value, e.g. to the tourist indusirs’. Some forms of erosion con- 
tinue for several years as on the Normandy beaches after 1950; their 
causes arc still not understood. 

Major shore features. More or less permanent shore ft.tures are 
numerous. The most common is tlie bay-head beach which is arcuate 
unless there arc rocky outcrops in the bay: these may ca'ise the beach 
to form a series of arcs between the rocks. The form of bay-head beaches 
reflects the waves which shape them: refraction causes the waves to 
break in arcuate form, for the submarine contours arc usually nearly 
parallel to the contours of the land and the waves which approach the 
bay normally tend to conform to these submarine contours. Regularity 
is attained by constant reworking of the bottom sediments near the 
shore, and the arc, or scries of arcs, becomes perfectly geometric. 
Beaches occupying very large bays like that extending from the Pointc 
de Grave to Bayonne are not genetically different from the others. The 
orientation these beaches tend to take will be examined in Chapter V. 
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Behind the bay-head beaches there may be a cliff which the sea 
attacks at high tide or during storms and which retreats in the usual 
way. It would be a great mistake to think that there is nowhere any 
permanent erosion in bays (see p. 189). Tfie beach, supplied with 
detritus worn, from the cliff, is progressively retreating landwards, as 
for example in the bay <jf Audierne between Audierne and Pouldreuzic, 
in the bay of Aberdaron in north-west Wales and generally in small 
inlets in ancient massifs. 

When, on the other hand, the beach is prograding, several successive 
beach ridges may be left. A very fine example is seen at Pwll Du on the 
Gower peninsula near Swansea (pi. Ill a) where the sea has built five 
ridges, which it has already abandoned, and is now in process of con- 
structing a sixth. The sea thus tends to fill up the bay. Much bigger 
examples are found on the coasts of Gabon, of Portuguese and French 
Guinea, and the east of MSdagascar: these are called coasts of ‘parallel 
formations’ by P. Legoux. 

If a stream flows into the head of the bay and if it is not very powerful, 
its mouth may be barred by a beach and a pool forms. A narrow channel 
may be maintained, as at Arcachon, or the pool may be completely 
barred like the loc'hiou (singular: loc^h) at the south of the bay of 
Audierne. These barred pools are often emptied only by percolation 
through the beach, as at Pwll Du and south-east of Concamcau. This 
is easy when the barrier is formed of shingle. When the river rises, the 
pool may overflow and scour out a deep bed, but the sea ggierally closes 
the breach afterw^ards. Cycles of opening and closing may be estab- 
lished, and are sometimes aided by man, as in the bay of Audierne. 
Barred pools often flow into one another, and maj^ have only one outlet: 
such are those of the Landes, where the outlets are called boiicaus 
(Fig. 6 d), and the one south-east of Lorient which flows into the 
Gavre lagoon. 

A spit of sand or pebbles perpendicular to the axis of the bay may 
occasionally be found half-way between the head and the mouth of a 
bay: this is Johnson’s midbay bar, several examples of which he has 
quoted from the United States. The cove of I’Auberlac’h in the Bade 
de Brest, and the one at Croisty in the Rhuys peninsula (Fig. 6 a) afford 
typical examples of the form. According to Zenkovitch, the first stage 
in their formation in Kamchatka is due to the progressive retardation 
of waves moviiig from the open sea into bays, thus leading to the deposi- 
tion at a certain point of the coarsest fraaion of the material they bring 
with them. 
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IIG. 6 TOMBOLOS, LAGOONS, AND SPITS 

A Midbay bar in Croisty cove, near the entrance to the Gulf of Mor- 
bihan. B lie d*Arz in the Gulf ot Morbihan this ib formed of islets 
connected by recent and Flandrian tomlx)los falter Guilcher, 1948). 
c. He Molene in western Brittany the tomlxdos connecting the islands 
arc submerged at high tide (after Collin, 1936'. l) Connected lagoons 
on the Landes coast of Gascony E. and 1 Spit extension and Erosion on 
the opposite shore (musoir) at Arcachon in thi I ^ndcs and on the Canche 
estuary in Picardy (after Duflart, 1908 and Briquet, 1930'^ Note the 
temporary regression at Cap Ferret between 1826 and 1872-7. 
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Much more common arc the spits of sand or shingle which extend 
across the mouth of a bay or an eituary’ from one side or the other. 
These are bay-mouth bars: the Germans call them Nekrungen and 
Briquet terms them poulim in Picardy. The bay-mouth bar isolates a 
sheet of water which may finally become a lagoon; the connecting 
channel has a width depending upon the volume of water passing 
through it. Vi'here the dominant swell is oblique to the coast and sets up 
a longshore drift, the bay-mouth bar grows in the direction of this drift 
(towards the north on the coast of Picardy), while the opposite bank, 
the ntusoir of Briquet, is worn away, so that the channel is constantly 
deflecte ' in the direction of the drift and the mouth aligns itself parallel 
to the coast; for example, the Langue de Barbaric at the mouth of the 
Senegal ri\'er, which generally grows towards the south but is breached 
from time to time by heavy swells; the bay-mouth bars of Arcachon 
and the Nchrtmgen of Poland may be included in this class (Fig. 6 e 
and f). 

In front of other coasts spits of sand originally unconnected witli the 
shore are developed: they arc called offshore bars {cretes d\ivant-cdte 
emcrgecs). Often they have a rock foundation which may be only a reef 
and not a true island, and from which two V-shaped points of sand or 
shingle develop, as at Mousterlin, south of Quimper (Fig. 7 A and b). 
But such a foundation does not always occur. The finest offshore bars 
are those which fringe the south-east coast of the United States and 
form Cape Hatteras. We may also quote those of Texas, and those of 
the south-east coast of Iceland described by Lewis. It is difficult to see 
how offshore bars without any foundations arc formed, unless on 
originally submerged ridges. It is certain that at 'least those formed in 
front of deltas (p. 115) arc built up in this way. The lagoons which 
they cut off tend to develop into marshes, which will be discussed 
later on. 

Offshore bars are usually driven shorewards, but if they block 
important streams, one or more narrow channels must remain open. 
The channels through the bar may change, as at Mousterlin, where one 
of them has rapidly approached the point of the V since 1848 (Fig. 7 A 
and b), and at Katama Bay, New England (Johnson, New Englandy 
pp. 452-4). 

Offshorg bars can therefore be transformed into beaches blocking 
lagoons, but lagoons are not necessarily formed in this way; and, as 
Zenkovitch says, it is not true to assume that bars with lagoons behind 
them are characteristic of shorelines of emergence as they are just as 




I Hi 7 DIIIFRLM T^PLS 01 SPITS 

A and B V-shapcd spit at Moustcrhn, south-\%cstem Bnttanv, barring 
estuaries note the change in position of the eastern gap i^atier GuiLher, 
1948) c Double tombolo at Guerande (La Baulc and Pen Bron"' D Lee- 
ward spit at Bcniguet, binistere (after Guikher, 19 so"' F Butte in 
the lormer Lake Bonne\ille, USA, with cuspate bar enclosing a 
lagoon (after Cjilberi) F Similar forms in Lake Bonnes ille ^aftcr Gilbert^ 
G The tombolo of ( hesil Beach and the banner bank ol the Shambles 
m Dorset. 
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common or even more common on shorelines of submergence: the 
lagoon behind the bar may never have been a part of the sea. 

The tombolo is another classic coastal accumulation form. This term, 
introduced into intcniadonal geographical literature by Gulliver, was 
applied by him to a spit of sand or shingle which joins an island to the 
neighbouring coast. There are grounds for not changing the meaning 
given to the term by Gulliver and therefore not applying the term, as 
is sometimes done, to the whole complex of the spit and the old island. 
Simple tombolos are found, as at Quiberon (Fig. 28 a) and at Portland 
(Fig. 7G); double tombolos as at Bourg-de-Batz (Loire Infcricurt; 
(Fig. c) and at Giens near Toulon. At Batz and Giens, the tw'o lom- 
bolos are not equally developed; at Batz the western tombolo, Pen Bron, 
is not completely joined to the island. 7 he triple tombolo at OrbitelJo 
in Italy is a special ease. Certain tombolos are partly submerged at 
high water and dr>' at low water. In the Alolene archipelago in FinisteTc, 
certain islets are connected twice a day to the larger islands and arc 
called ill Breton 'ledenez' (‘extension of the island’) (Fig. 6 c). In places 
several islands are interconnected by tombolos; the celebrated example 
of this is Nantasket Beach in Massachusetts where the islands arc drum- 
lins some of which have been eroded away but have left traces in the 
outline of the composite tombolo. 

Simple tombolos, or even double ones like that at Giens, may with 
few exceptions be explained either by the refraction of waves behind the 
island, if the submanne contours have an appropriate shape, or by their 
diffraction on each side of the island and the deposition of materials at 
the meeting point of ±e two diffracted and weakened sets of waves. 

Triangular headlands of sand often spring frt)m an island or the 
coast of the mainland. Depending upon their evolution, they may or 
may not dam up lagoons ben^een their two flanks. These features may 
have been formed in several ways, other than by development from 
offshore bars. 

{a) When they arc connected to an island they resemble a comet’s tail 
in outline and are often developed parallel to the direction of the domin- 
ant swell in the shelter of the island. This principle, formulated by 
Schou, is exemplified in the islands of Anholt in Denmark and Beniguet 
in Finistere (Schou, 1945 and Guilcher, 1950) (Fig. 7 d). Other 
examples jre the headlands of sand sheltered from the westerly swell 
in the east of th .. island of Groix, and the pointe dcs Galets in Reunion 
sheltered from the south-east trades. A remarkable example was 
quoted by Gilbert from Cape Butte in the former Lake Bonneville in 
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the United States: a triangular headland surrounds a ^igoon, while the 
direction of the dominant swell is betrayed by the i^::vclopmcnt of an 
abrasion platform on the opposite side of the island Fig. 7 e). This law 
applies to constructionsfl forms having only one p^ int of contact with 
the land. They arc explained by the diffraction effects already discussed 
in connexion w ith tombolos. 

Completely submerged banks may occur some distance, offshore and 
were called banner banks by Vaughan Cornish. They occur behind 
headlands which weaken the swell and promote deposition. In the 
English Channel there aie two remarkable examples: the Shambles 
Shoal east of Portland Bill fPig. 7 g) and the Skerries Shoal to the east 
of Start Point. 

(t) Certain lombolos of the comet’s tail type, which may be called 
relict bars, originated like the preceding type in the shelter of an island; 
but the island has disappeared through erosion, and the spit alone sur- 
vives resting on the abrasion platform of the island. This type, called 
flying bars by Gulliver, has also been studied by Johnson and by 
Nichols. CiK,K ^ '‘vamples of them are found in the harbour of Boston 
in the United States where the former islands were drumlins, which 
were easily worn away. V^’ith three dominant wind and wave directions 
flying bars with three tails may occur, e.g. in Boston harbour. 

(c) Triangular headlands also result from two dominant swells more 
or less opposed to one another. Dungencss is an excellent example 
(Figs. 8 B apd 27 b). At this spot there are two dominant swells, the 
main one from the south-west, the subsidiar>^ one from the north-east. 
These two opposite swells explain the growth of the long shingle head- 
land out into the Straits of Dover. Gulliver was certainly mistaken 
when he explained Dungeness by the meeting of tidal cu ents. The 
inequality of the forces acting upon the ness leads to crosion on the 
south lace and a migration of the far point towards the east-north-east: 
the reasons for this are examined below. 

(d) Triangular points of sand which occur in front of islands do not 
belong to type (a) and arc incipient tombolos or, as Gulliver called them, 
uncompleted tombolos, e.g. Pen Bron (Fig. 7 c). 

(c) Others have an uncertain origin: for example, several of those of 
Lake Bonneville (Fig. 7 r). It is possible that thev belong to one of the 
preceding classes or they may be offshore bars, but for som« reason or 
another their origin is uncertain. 

Grmeth and development of spits: the fuicrwn or dead point. The 
Icngtlicning of spits or bars having free or unattached ends is generally 
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FIG. 8 COASTAL FEATURES FORMED BY SERIES OF BEACH RIDGES 

A. General features of Reersjo, Zealand, Denmark (after Schou, 1945). 
B and c. The evolution of Dungeness (after Lewis and Balchin, 1932 
and 1940)^ D. Spit with recurved laterals at Sjolager, Zealand, Denmark 
(after Schou, if ^5). 
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brought about by the addition of hooks or lateral ridges. Such forms 
may be called hooked bars, or recurved spits. Examples are the modem 
and late Pleistocene spits of the Picardy coast (Briquet), Cape Cod 
(Davis), Blakcncy Point and Scolt Head Island in Norfolk (Steers), and 
the numerous bars of the Danish and German Baltic 'coasts (Schou 
and others). The lengthening is brought about by longshore drift which 
is generally caused by the oblique incidence of the waves; recurved 
ridges may be due to the refraction of the waves at the distal end of the 
spit. 

Widening of the spit is conneacd with its lengthening. During each 
period of strong winds and swell, provided that there is an abundant 
supply of material, a new storm beach may be built in front of the 
existing ones. This ends in a new recurve beyond the previous ones: 
there are, therefore, extensions of the spit simultaneously towards the 
open sea and also parallel to the shore. The result is the building up of a 
large number of parallel ridges. In cenain cases studied by Schou, for 
example at Sjolagcr in Zealand (Fig. 8 d), more than twenty ridges and 
recurved are built in a year; but the number of major ridges is 

very much smaller. 

This building up, however, docs not widen the spit throughout its 
length. The proximal end, or root, is often attacked and a general 
retreat of all the old part of the spit ensues. There is therefore a point, 
called the fulcrum by American authors, and the dead point by Briquet, 
which is displaced in the direction of movement of the spit and separates 
the part undergoing erosion from that which is being extended by the 
formation of new ridges. The result is that the inner and older ridges 
arc cut by the new shoreline at an angle which is greatest for the oldest 
ridges and may even exceed 90 . This has happened, for ample, at 
Dungeness where the south coast is eroded and in consequence cuts 
across the old ridges: the obliquity iN noticeable at the poin" and increases 
from cast to west (lug. S n and c). The migration of the fulemm or dead 
point is illustrated at Dungeness, at Cape Cod, the Swincmiinde spit, at 
Orfordness near Ipswich, at the Crumbles near Eastbourne, on the 
complex bay-mouth bars of the Picardy rivers, i.e. the Somme, Authie, 
Bcrck, and Canche, and in Denmark at Reersjo and Sevedjo (Fig. 8 a), 
and at the Poinie dc la Coubre in front of the Garonne cstuar}*. Easily 
eroded morainic coasts supply a wealth of material for marinc^:onst^uc- 
tion and arc most favourable for the multiplication of these delicate 
structures, a certain number of which, like Dungeness and the bay- 
mouth bar of the Somme, arc true wonders of nature. 
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The reader will have noticed that nearly all beach formations have 
been attributed to waves or the longshore drift which results from them. 
Towards the end of the last centurv, numerous authors, such as 
Gulliver, believed in the great efficacy of tidal currents. Under the 
influence of Johnson, Lewis, and many others general opinion has now 
swung round and it is remarkable that modern ideas are often the same 
as those held by de la Beche in England and £lie de Beaumont in 
France in the first half of the nineteenth century. 

COASTAL DUNES ^ 

The frequency of dunes on the coasts is connected with the supply 
of sand from the beaches, with the absence of obstacles in the sea, thus 
allowing the wind to blow more strongly than elsewhere, and with the 
absence of vegetation in that part of the beach from w hich the sand is 
derived. However, a certain type of vegetation favours the formation of 
coastal dunes. 

On sandy beaches of considerable width at low w’ater, ephemeral 
dunes may be formed w’hcn the wind is strong, but these are destroyed 
by the rising tide. These are tongue-shaped dunes, or little barchans 
with the convexity facing upw'ind and the points tapering downwind. 
Examples arc to be found at Blakeney in Norfolk. Somewhat more 
stable dunes of tlie same type occur on the upper parts of beaches w hich 
are only covered by the sea when there are storms or very high tides: 
they can be seen on the beach of Irhzer Amayane between Cape Rhir 
and Agadir in Morocco. But permanent dunes can exist only beyond 
the reach of the sea. They arc in fact connected with the growth of land 
vegetation which fixes the sand brought from the beach by the wind. 
On the Atlantic and Mediterranean coasts of Europe two plants play an 
essential constructive part in this: Agropyrum junccum and Psamma 
arenaria (marram), the former being slightly tolerant of salt, but not 
the latter. Marram, which replaces Agropyrum under suitable condi- 
tions, is the more important of the two. It requires a continuous supply 
of fresh sand for its growth. In regions outside Europe, other plants 
may replace it. In this way small lenticular heaps of sand are formed 
rather like the nebkas of the Sahara. These coastal nebkas occasionally 
reach a height of several metres, for instance between Mogador and 
Cape Sim in Morocco. Usually they tend to unite into a long dune w4th 
an irregular crest bordering the shore. This happens on the majority of 
^ The general principles of acohan accumulation arc not studied here. 
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I IG 9 ( 0\ST\L ni NLS 

A Parabolic or ‘rak*'' dunes formed by westerly winds nonh ot The 
Hague, Holland (after Faber and J HoP 

B. Dunes south ot Agadir, Morocco, formed by the r de winds 
deflected by the Atlas Alountains. Deflation occurs on the crest ot the 
dune-sandst^nne cliffs, and the sand rctorms as parabolic dunes, then as 
wave-like dunes (alter GuiLher and Jol> based on oblique aerial photo- 
graphs). 

c. Evolution of transverse dunes (after Schou"' i \\"ave-like trans- 
\erse dunes 2 Blow-outs ^ Deflation areas 4 Residual dunes 5 Pool. 
6 Talus. 7 New, rec<.>nsiitutcd, dunes 
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European coasts notably in Gascony; but it is not universal, and in 
Morocco, for example, the coastal nebkas appear quite stable and occur 
on the seaward side of extensive areas of barchans bare of vegetation 
(pi. IV). But barchans are not specifically coastal dunes. According to 
Aufrere, the barchan characterizes regions with little or no plant cover: 
it is found therefore in.coastal areas only in arid or semi-arid districts 
or high up on unstable beaches. The homed dune of humid regions may 
in fact be of the parabolic type (see below). 

In temperate regions when the stage of the frontal dune is reached, 
the plants instrumental in the initiation of dunes tend to give way to 
plants which fix them: Car ex arenaria^ Crucianella maritima^ lichens, 
etc. Unlike marram these plants do not require supplies of fresh sand 
to keep them alive. But the frontal dune, although established, remains 
weak. Winds can breach it: the caoudeyres of the Gascony dunes arc 
formed in this way. Such breaches are known under different names on 
the coasts of the North Sea and Picardy (Fig. 9 c) and as blow-outs in 
the British Isles. Caoudeyre is a dialect word meaning cauldron. They 
are semi-circular hollows. The roots of the plants are exposed but hang 
from the edges of the hollows and prevent the sand from collapsing. 
The blow-out is enlarged by wind action. It cannot be cut down below 
the water-table in the dune; if it reaches it, a pool or marsh appears. 
On the downwind side, the sand forms a mound of confused shape 
(Fig. 9 c). 

The frontal dune may thus almost completely or entirely disappear, 
the eroded remains being known as crocs in Picardy. It is then replaced 
either by parabolic dunes or by lines of dunes parallel to the wind. Para- 
bolic dunes, of which there arc good examples at La Baulc (Loire- 
Inferieure), between the Somme and the Auihie, in Holland north of 
The Hague, and in Denmark, arc crescentic in form like barchans but 
their convexity is downwind and the wings point upwind, perhaps 
because the sand is not so mobile in humid as in arid countries. The 
convex main part of these dunes is possibly derived from the shapeless 
mass of sand which is formed at the end of the blow^-out; the w ings are 
accumulations of sand moving along the sides of the blow -out. Scries of 
parabolic dunes produce rake-like forms, for example at Cazaux, at Cape 
Breton (both in Gascony), and in Holland (Fig. 9 a). Dunes parallel to 
the wind«are parabolic dunes with no central mass but only wings. 

Different dunes in the same complex do not always travel at the same 
speed. Dunes may, therefore, overtake each other and unite. Examples 
of these are found on the south-east coasts of the Baltic (Hartnack). 
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Frontal dunes may re-form upwind of parabolic or ‘rake* dunes and 
continue to feed them from blow-outs. Parabolic dunes or dunes 
parallel to the wind may form without frontal dunes, as in Morocco 
near Tiznit (Fig. 9 b). In this case it is possible that the supply of sand 
may have been guided by the underlying relief, at least near the sea. 

Finally, the sand removed from the frontal dune may collect again 
behind in a dune perpendicular to the wind. Wave-like dunes arc thus 
formed parallel to each other and separated by flat-floored troughs 
called kites in Gascony, where such wavc-like dunes arc particularly 
well developed (Fig. 9 c). The largest dunes outside deserts, apart from 
those resting on rock foundations, arc of this type. For example, the 
dune of the Pyla at Arcachon is about a hundred metres high but its 
exact height changes constantly. These dunes arc the most suitable for 
transforming estuaries into lagoons as in Gascony. 

All moving dunes have asymmetrical outlnics as do current ripple 
marks: the windward slope is gentle, and the leeward slope steep cor- 
responding to the angle of rest of the sand (about 32 ). All moving 
dunes may h: to blow -outs. 

'fhe orientation of coastal dunes depends upon the direction of the 
most effective wind, 'fhe latter is often an onshore wind perpendicular 
to the coast, as such a wind is the least likely to be retarded but this is 
by no means an absolute rule, as an oblique wind may be sufficiently 
regular and strong to prevail over the perpendicular wind. Schou men- 
tions blow-outs at Skagen in Denmark, the axes of which make an angle 
of 40 with the shore, while the axes of the parabolic dunes of La Baulc 
(Briquet) are almost parallel to the beach. On the coasts of East Pomer- 
ania and of the Kurische Nehrung, the prevailing wind is slightly 
north of west. In both areas there are dunes pcrpcndic».« »r to the 
wind, but their relation to the shoreline is very ditferent since the 
coast is east-north-east-west-south-west in Pomerania and north-north- 
east-souih-south-wcst on the Kurische Xehrung (Hartnack). According 
to Kuhnholtz-Lordar, most of the blow-outs on the coast of the Gulf of 
Lions are hollowed out by the offshore mistral. In Morocco the orienta- 
tion of the dunes is generally governed by the trade w inds: the result is 
that at Cape Sim wffiere the coast changes from north-east-south-west 
to w'cst-east, dunes almost parallel to the trade w inds and the coast arc 
formed on the north-east-south-west shore, and are then brought to an 
end on the west-east shore: in this case it is tlie dunes which feed the 
beach and not the other way round. Similarly the port of Arcila in the 
northern part of Morocco has been recently silted up by the action of 
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the ofifshore north-east winds which have built a veritable *aeolian 
tombolo’ in the harbour after the unfortunate construction of a break- 
water preventing the swell from clearing away these deposits. 

Waves frequently erode coastal dunes. They cut a cliff in them either 
temporarily in a storm or permanently. When the sand is wet, the cliff is 
vertical. If the sea does not reach it for some days and if there is no rain 
the cliff is covered with dry sand falling from above and its surface 
assumes the angle of rest of the material (32' ). The recession of the shore 
as a whole and the progression of dunes inland arc two independent 
phenomena. They occur together on the coasts of Gascony, but this is 
doubtle s a coincidence. 

Dunes often bury pre-existing relief, and give the impression of a 
great thickness of sand although the latter may form a covering of only 
a few metres. Most of the dunes on the coast of Brittany which exceed 
15 m. in height are of this t5rpe, as wxll as those reaching 62 m. at 
Carteret and 80 m. near the Anse de Vauville in Normandy. The dune- 
forms then reflect the underlying relief. 

A great number of the coastal dunes of humid regions arc fossil 
dunes. In certain cases this is clear from the fact that they are perched 
on cliffs and completely deprived of sand supply: for example those on 
the coast west of Quiberon, where they have been abandoned during 
the movement inland of the dune complex associated with the tombolo 
of Penthievre (Fig. 28 b). More often the decay of the dune results 
from a change of climate which has caused its complete fixation. 

In dunes which have reached a certain degree of stability, a bed of 
sandstone (alios) is common. This layer, which in certain cases is the 
result of podsolization, has the effect of preventing the dune as a whole 
from resuming its movement. But in humid temperate regions, and 
when the sand is non-calcareous, this process scarcely ever involves the 
whole dune. The majority of the calcareous sand dunes of the Mediter- 
ranean and arid regions show different features. In the islands of 
Hyeres, in the Lebanon, Morocco, and in west and south Australia 
there are a number of examples of large dunes fixed by calcareous 
sandstones of Pliocene and Pleistocene age. Moreover, in certain of 
these countries the surface of the fixed dune is covered with a very hard 
crust. As several generations of dunes have been successively con- 
solidated-in this way in the course of a progressive emergence, a piling 
up of dunes to a considerable thickness has occurred in places, each 
dune overlapping the one previously affected (pi. IV). Dunes converted 
into sandstone may also form parallel lines as in the Casablanca-Rabat 
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region and in south-east Australia. The lowest and most recent con- 
solidated dune is today attacked by the sea; when only the outside slope 
of a consolidated dune parallel to the coast is eroded, a hog’s back is 
formed. A more advanced state leads to the development of a form 
simulating the barrier reef of the coral regions. In othet places, they 
are at present being covered by sand. These different aspects are well 
represented on the Moroccan coast. Coastal dunes may, in this way, 
preserve for a very long time the pattern the wind has given them, and 
so form the resistant skeleton of the shore. 


C. ESTUARIES, MARSHES, AND DELTAS 

Estuaries and Marshes. The word estuary comes from the Latin aestusy 
meaning tide. In France it has a popular synonym, Cticry ^^hich is widely 
used in the region of the lower Loire and the east of Morbihan. The 
two words denote that part of a river system (pi. V) where the tide, 
either the :>alt tide or the dynamic tide, and its currents make themselves 
felt. 

Tidal marshes (Fr. rnarais maritimes) arc low tidal zones approxi- 
mately at sca-levcl. They are not necessarily found at the mouths of 
rivers. Where the river ends m coastal flats, marshes and estuaries are 
found together, as at the mouths of the LoirCs Gironde, Dollart, Weser, 
and Flbc, Nearly everywhere, moreover, small streams flow into the 
marshes. 

Marshes are widespread on all the low coasts of the world: for 
example in France, there are the marshes of Carentan, Croisic, and 
Bat/, and the Breton, Poitcvin, and Saiiitongc marshes; o*- the North 
Sea there arc the Flemish, Dutch, and Frisian marshes an- .n England 
the fens and marshes of Norfolk and Suffolk; in North Amenca they 
occur in Carolina and Georgia; in tropical countries, marshes are found 
on the Gulf of Guinea, notably in the Cameroons, Gabon, Portuguese 
Guinea, and on the river Casamance. Marshes occur in front of certam 
regions of marked relief, for example Morfa D}'ffr>Ti and Morfa Har- 
lech in Cardigan Bay, vwrfa meaning marsh in ^'elsh. The marshes 
have often been reclaimed as in the Low Countries, Flanders, the Fens, 
and East Friesland. But in nearly all marshes unenclosed parts remain, 
w'hich may be cither near the sea like the Wadden Sea in Friftland and 
the bay of Veys in Normandy, or towards e interior behind the well- 
drained polders, where the level is a little lo\s er, for example, the damp 
marshes of Poitou, Dol, and the bay of Fundy. 
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From the point of view of origin, there are at least three kinds of 
marsh; those which are in the sheltered part of an estuary and are 
formed by silting at the sides of the estuary^ as in the Gironde; those 
which spring up behind a sand or shingle spit, e.g. Romney Marsh 
behind Dungeness and the marshes behind Blakcncy and Scolt Head 
Island in Norfolk; those which are formed at the head of a bay into 
which no large river flows and w'hich is unprotected by a sand spit, e.g. 
Carentan, the Poitevin Marsh, and the Fens.‘ 

Marshes and estuaries are drowned land areas which were later 
silted up, the flooding being due to the Flandrian transgression. But 
occasior flly isostatic movements have intervened notably in glaciated 
regions like east Scotland. The detailed history of marshes is always 
extremely complicated, but its interpretation is facilitated by the exis- 
tence of datable deposits. Deposition gives estuaries and marshes their 
present form. Usually it begins at a depth of 30 m. at the mouth of 
the estuar}' or offshore; sometimes it is less, rarely more, e.g. 43 m. 
at the mouth of the Gironde, 117 m. in the Mahajamba estuary, and 
— 67 m, in that of the Majunga in Madagascar. The longitudinal 
profile of all estuaries is very irregular: in narrows, tidal currents hinder 
sedimentation and form scour holes; in front of the mouth of nearly all 
estuaries the depth is small and hinders navigation. The scour holes 
may be due, not only to an absence of sedimentation, but even to a real 
deepening in the solid rock when the latter is not very resistant. Thus 
the holes, 55 and 59 m. deep on the Scheldt in front of the Zieriksec 
lighthouse (Fig. ii b) and Terncuzen, behind depths of less than 10 m. 
at the entrance, arc certainly due to erosion in^the 7 'crtiary beds, the 
remains of which arc thrown up on the shores of W'alchcrcn. In holes 
in hard rock like those of the Goulet of the Rade dc Brest ( 50 m.) 

and Morbihan ( 31 m.) erosion of this sort, on the contrary, is most 

unlikely. 

Sedimentation in marshes and estuaries differs in certain respects. 
It is more uniform in estuaries, though not always entirely so. Some- 
times there are coarser beds especially towards the base: for example in 
the Gironde, the Charente, and the Vilainc. The upper part of the 
marsh is nearly always muddy, at any rate away from the beds of tidal 
channels which are usually sandy, gravelly, or stony. The only excep- 
tions arc* little estuaries near large sandy beaches or dunes, e.g. Laita 
in Morbihan; Le Conquet and Quillimadcc in Finistcrc. But even in 

^ Marshes may also develop on open, shallow-water coasts, such as that of 
north Norfolk (Translator;. 
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these the proportion of sand beepmes less towards the head of the 
estuary. 

These muds, studied by Glangeaud, Bourcart, Francis-Boeuf, 
Riviere, and Berthois, art: found not only in the estuaries of western 
Europe and Morocco but throughout the world e g iq parts of the 
African and north Pacific coasts 

The colour of the mud \arics It may be red is in the Bay of Fundy, 
but IS generally black or dark grc\ Breton mud is blacker than the mud 
of the Charente and Ciuinca Mud contains a variable percentage of 
sand but consists mainlv of prccolloids and colloids, cspeciall> clay 
minerals, possiblv kaoliniu, illitc, and inontmorillonite It also contains 
iron, iron oxide is the cause ot the redness of the mud of Fundv Iron 
forms the cementing material, together with organic matter The latter, 
forming on average 8-io per cent of the total, appears to come from 
plants and animals, some of which live in ihe^mud some is derived from 
plankton brought from eh ew here Mud is soft in the sense that one 
sinks in de:plv when walking 1 here is even a n k of sinking completed, 
but the dc’^’^h to which one mav sink vanes v ith the estuaries and is 
very small when there is a large percentage ot sand Mud is plastic and 
iigid, and keeps the shape impressed upon it, footmarks remain quite 
clear in it It has the pioperi> ol hquetving when patted 

It IS casv to assume that mud is formed bv the finest sediment 
brought down bv the n\er and dcpo^ite'd at the top of the marsh, the 
sediment is line because the nver dovvnsirvam cannot transport coarser 
material But scientists hav c not come to anv agreement on this point. 
One fact is certain, mud is deposited in places where tidal currents are 
strong Its origin is coniro\crMal, and jvrhaps varies from estuarv to 
csuiarv According to the SLdimcniologisi>* ul the Low C nines, the 
deposits of the Dutch estuaries are derived from the sea, ji not from 
the rivers thi> is explicable bv the tact that on the floor ot the cstuarv 
the current is upstream p 22 ' lor the Loire, however, Berthois 
comes to the conclusion that mud docs not come from the sea because 
the amount ot material in suspension is verv small near the sea 

'I he same author has clearlv csiabli'^hed that, m the Ranee estuarv 
m norih-ca^t Hnttanv, mud ha^' been supplied bv the hnc pcnglacial 
deposits washed at high tide trom the banks of the estuarv itself, and 
the same thing also holds good tor other small estuaries The crucial 
tact IS that, in all estuaiies, the amount oi se iimeni in suspcnsie is far 
greater than both that in the river upsircar.* and that in the sea It is 
this which makes the problem ot oiigin so auhcult For example, above 
• lOI 
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the estuary the Garonne carries, acjirording to Glangcaud, 80,000 tons 
of sediment in suspension during the period of one tide; this figure 
increases to 4,500,000 tons in the Gironde, between Saint-Christoly and 
Blayc, and falls to 70,000 at the mouth. This ifiass of mud in suspension 
oscillates up- and downstream with the tide. According to Berthois, in 
the Loire this to-and-fro movement only occurs in ordinary and neap 
tides in summer; but, during the floods of tlic river in winter, a great 
quantity of sand coming from upstream is deposited in the lower part 
of the estuary; on the other hand, during spring tides, a part of the mud 
in suspension is deposited far upstream in Nantes harbour at high tid^, 
and ai.^ther part is carried outside into the sea at low' tide, where it is 
distributed over the Breton marsh. 

The nature of the deposition itself is also complex and controversial. 
According to Francis-Bocuf the mud in suspension is not deposited by 
flocculation brought about* by the salts present in sea-water: this would 
explain ±e agglomeration of the particles but not their deposition. 
However, Berthois, Chatelin, and Marcou have show'n that deposition 
in the Loire is accelerated by salinity and also by heat. According to 
Francis-Boeuf, mud is deposited on pre-existing mud-banks at the side 
of the channel during the ebb-tide, in the same w ay that scum sticks to 
the side of a bath when it is emptied, firmly enough not to float off when 
the bath is refilled. But Berthois thinks, on the contrary*, that deposition 
principally occurs during slack w*atcr. Glangcaud adopts the same 
explanation as Francis-Bocuf for lateral banks, which Francis-Bocuf 
thinks are the only ones: the channels are fixed and free of mud. In the 
Charente channel, at Taillebourg even limestone pebbles arc found. 
In Zealand the beds of the estuaries are sandy, ahd the mud, according 
to marine charts, is deposited at their edges. The same is true of the 
Breton estuaries, but only in a general w^ay: in some sections with a 
gentle slope, mud is found in the middle, notably in the Abcr Wrac’h. 
Glangcaud and Riviere stress the importance of mud-banks in the 
middle of the Gironde and in the Lay (Vendee). According to Glan- 
geaud such sedimentation cannot be produced in the same way as that 
on the lateral banks, since the channel never becomes dry: it is caused 
by eddies with a horizontal axis. This author explains their formation 
as follows (Fig. 12 e ): in a straight channel the maximum velocity is 
at the ceptre near the surface, and two maxima of turbulence occur 
one-third ana two-thirds of the distance across the stream half-way 
betw^een the surface and the bottom. A descending current forms under 
the line of maximum velocity between the two maxima of turbulence, 
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and supplies the median bank. Once this latter is formed, it divides the 
channel into two branches, in which the same phenomena arc repro- 
duced so that there will be a tendency towards the formation of new 
median banks in each eff the channels. In other words, the parallel 
median banks will multiply until an importar^* change^ of outline is 
produced. 

But is mud still being deposited in estuaries? Measurements made 
up till now have chiefly concerned marshes proper. In estuaries certain 
mud-banks seem to have reached a state of equilibrium. The estuary of 
the Charente, for example, is stable in spite of the great turbidity of 
its waters. 

Yet, if one makes a hole in a mud-bank, this hole fills up very quickly. 
Dock basins which are excavated in the banks of an estuar>^ must be 
closed by a lock or they will fill up with mud. In 1944 the Germans blew 
up the locks of the Rochefort basins which ^re connected to the Char- 
entc. The result was the deposition of 7 m. of mud in these basins 
bctw'cen 1944 and 1947. ^ he deepening of channels in estuaries below^ 
their nann,/ '-jnihbrium to allow’ the passage of large ships is indeed 
a Herculean task. 

Soft mud areas arc called shhKc by the Flemish and Dutch, and mud- 
flats by tlic English. They arc not completely flat in spite of the Enghsh 
expression: they may be examined in both estuaries and marshes, but 
wc must first present an outline of sedimentation in the latter. 

Sedimentation in marshes is variable. Apart from mud like that of 
estuaries, sand and both salt-w’atcr and freshwater peats are found. 

The deposition of mud is the first stage m marshes enclosed by a spit, 
as, before the spit formed, these areas were ordinary’ bc.":hes open to 
the sea. It may go on a \ cry long time in ihe mid-parts of tl e marshes, 
as for example at Blakency in Norfolk (Fig. 10) or in the V adden Sea 
(Arenicola sands) (Fig. 12 a and r.). It may even continue to cover the 
W'hole of the marsh, as in those of C'ardigan Bay. But usually, in spite of 
transitory’ and local recurrence'^, it gives place to other ty’pes of sedi- 
mentation w'hen the marsh is mature. At that stage finer material is 
deposited usually at the edges of the marsh. Tanguc is deposited on the 
marshes of north-east Brittany: it is a predominantly sandy sediment, 
with some silt, an almost complete lack of clay, poor m organic matter, 
and remarkable for its high content of lime (from 25 to 61 per cent.'^, 
its silvery-grey colour, and its pcrmeabilitv Terre de briy depr ted on 
the marshes of west central France, is bluish, and contams on the aver- 
age, in the Poitevin marsh, 75 per cent, sand and fine sand, 15 per cent. 
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FIG 10 BLAKIMY POINT, NORIOLK (AI FI R STI I RS) 

Recurvjd laterals, dunes and marsh sand m the middle and mud at 
the edges 
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Still finer material, and 8 5 per cent, of lime. Pure mud, of which pre- 
colloids and colloids form 50-90 per cent, of the total, may also be 
deposited. These deposits may constitute the whole of the deposits, with 
no pure sand underneath. A film of mud may form on the sand, and 
may be eroded or thickened. But this mud acquires great^tability once 
it is colonized by marsh vegetation. 

Vegetation in estuaries, as in marshes, has a considerable morpho- 
logical importance: certain species, such as Spartina townsendiiy spread 
with amazing speed in the marshes of western Europe. They establish 
themselves first as tufts on the soft mud. Elsewhere Salicornia colonizes 
the mud-flats and causes its level to rise. These plants are followed by 
others such as the sca-astcr, then by a grass, Puccincllia maritima. 
In tropical marshes the mangrove takes the place of grass. On the 
African coast mangroves begin to grow along the estuary of the Senegal 
in sheltered places and reach about 2*50 rrf. in height; further to the 
south they grow much higher. The roots of the mangrove are alter- 
nately covered and uncovered by the tide, and form an inextricable 

network <'s do i' t necessarily icquirc salt nor even brackish 

water to Ine; but a certain tidal range is necessary for the reproduction 
of the trees, \\hich cannot occur in swamps which arc always lying 
under water. Precise measurements would be necessary to discover 
v^hether se*.limcnLatK>ii there is more or less rapid than on the mud- 
banks where no mangro\c^ grow'. Whether they arc bushy or grassy, 
patches of vegetation gradually canali/o the ebb and flow of the tide. 
As the \egctation co\er becomes more complete, and as the mud dries, 
becomes less salt and more granular, the character of the marsh changes 
and only the network of tidal creeks remains clear of vcgcMTion. These 
creeks arc mainly produced by the upward growth of th* larsh, and 
maintained by the constant action of the tidal wuters in n^.row' chan- 
nels, the banks of which may be some decimetres high ip the lower part 
of a marsh and more than 3 so m. in the upper parts (Pig. 10 and pi. 
VI a). Between these channels, the sides of which remain without 
plants, the vegetation thickens and develops as the marsh increases in 
height. The process is due partly to the deposition of mud at high water 
and partly, in some places, to the formation of peat derived from the 
vegetation of the marsh. 'I'hc banks of the tidal creeks, often covered 
with Ohicnc prrtjil.hi^iJc^.iWi: steep or overhanging. Sections of* the bank 
may slip dowm as the result of undercutting because the creeks develop 
beautiful meanders, both in tropical mangrove swamps and temperate 
marshes. At the sides of estuaries conditions arc exactly the same. 
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As the marsh evolves, it develops into a salt marsh (Steers) where 
flat surfaces dominate and the system of channels disintegrates. The 
old network of creeks is broken into narrow discontinuous sections 
which vegetation tends to fill by growing doVn from the sides. These 
are not very^deep (20-30 cm.), but may retain water at low tide, 
although they no longer form an organized drainage system. Salt pans 
are about the same depth and round or oval in shape. Vegetation cannot 
establish itself here because of great variations of salinity,^ due to the 
evaporation of stagnant water (pi. VI c). The upper part of a salt marsh 
is only covered at very high tide: it is, however, intersected by occasional 
creeks, connected with the general creek system, the depth of which 
varies wiJi the height of the marsh; these are filled by the sea even at 
neap tides. 

Seaward of the vegetated marsh the bare sand or mud areas are also 
intersected by tidal chanrtels, the banks of which are not so steep as 
those of the marshes. They are subject to much more rapid modifica- 
tion, such as shifting and the cutting off of meanders. The channels are 
often of a special character, some being followed by the flood current, 
others by the ebb: the system of flood channels splits up and dies out 
on mud-flats or sand-flats; the flood passes over it as a sheet, again 
canalizes itself temporarily and so on. Exactly the same happens at the 
ebb. Examples are found in the arms of the Scheldt and the bay of 
Mont-Saint-Michel (Fig. 1 1 b). 

Vegetation is very sensitive to variations of environment. In the 
inner parts of the marsh or estuar}' reached only by the dynamic tide, 
there is usually growth of freshwater peat, produced chiefly by 
Phragmites and ±e water Iris. The building up of the marsh displaces 
the salt-loving vegetation, and hence the peat zone, seawards. But if 
a storm breaches the beach in front of the marsh there may be a regres- 
sion with the formation of marine peat above the freshwat* peat; such 
an arrangement may also result from a marine transgression, but a 
great thickness of marine peat resting on freshwater peat must be 
present for such a conclusion to be reached. Cases of this kind have been 
discussed by Johnson in New England {New England^ pp. 540-5). 

The evolution of marshes is further complicated by two phenomena: 
the compressibility of the peat and the migration of the enclosing 
coastal fofms inland. 

Peat shrinks very quickly to about three-quarters of its thickness, or 
even less, when it is either compressed or dried. Compression is produced 

^ Lack of drainage is probably a more imponant factor (Translator). 
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I’lG. II MARSHLS AND HSTUARIllS OF FLANDERS 
AND ZEALAND (THE NETHERLANDS) 


A. Fumes (Veurnc) and Nicuport (Nieuwpoort) region (after Moor- 
mann). i. Calais bed outcropping in the Dunkirk marsh after removal 
of peat. 2 . Thin clay or sand cover on Calais bed. 3. Old dunes. 4. Iso- 
lated peat areas between old sandy channels, forming depressions due 
to compaction and inversion of relief. 5. Sandy channels or sand-flats. 
6. Old sea wall. 7. Polders of the Yser estuary. 8. Recent dunes. 9. Modem 
polders in the Yser estuary. 

B. Flood and ebb channels in the eastern part of the Scheldt estuary 
(after van Veen). Note the scour holes. ? Tidal marshes and mud- 
flats. 2. Land. 3. Fkxxi channels. 4. Ebb chvinnels. 5. Contours of depths 
below average low spring tide level. Zier. Zicriksee light. 
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FIG. 12 SEDIMENTATION AND EVOLUTI(,'»N OF MARSHES 
AND ESTUARIES - 

A and B. Diagrammatic section and plan of Wadden Sea area (after 
Van Straaten). 

c. Inversion of relief caused by shrinking of peat m the plairt of idanders 
(after Tavernier). 

D. Compression of peat by a bar being driven inland over it (after 
Johnson). 

E. Formation of a median mud-bank in a straight channel fafter L. 
Glangeaud): mv - maximum velocity; rut maximum turbulence; 
vl = lateral mud-banks; s sand; zm median mud-bank. 
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by new layers of peat, by deposits of mud driven on to the peat if 
the enclosing beach is broken, or by draining in the construction of 
polders. As a result, freshwater peat may settle well below the level of 
the sea without the sea-level itself altering. On the other hand, as peat 
tends to form in the inner parts of the marshes and only occupies the 
areas between the channels, even a relative dry’^g up of the marsh may 
lead to an inversion of relief (Figs, ii a and 12 r): the inner parts sink 
below the sand- and mud-flats. Channels above the level of the peat 
arc very characteristic in many marshes, e.g. in Flanders, Holland, 
north-west Germany, the Fens of England, and the bay of Fundy. 
Thus marshes which show an increase m height seawards are produced. 
However, this classic explanation of the raised position of the channels 
has been contested in the case of the Fens and German marshes by 
Godwin, who produces arguments in favour of the idea that these 
channels have always been raised above the peat, and that this is due 
to the progressive building up of the banks by the tidal current circu- 
lating in me creeks. He rccogni/cs, however, that the shrinking of the 
peat may no^*vv.cFly accentuate the difference of level. The outcrops of 
old channels, known as roddons in the Fens, are often used for roads 
and houses. 

The movement inland of the enclosing beach spit reduces the width 
of the marsh, and may allow the sea to penetrate farther. If the enclosing 
ridge happens to rest on peat it compresses it, and depresses it below its 
former le\cl, so that after the ridge has moved further inland, the fresh- 
water peat may he below the level of the sea on the outer part of the 
beach. Again, such a state of affairs does not necessarily indicate a 
marine transgression (Fig. 12 d). 

In many marshes on the Atlantic and Channel coasts o* 'ranee, it is 
at present noticeable that the banks of the creeks not only collapse in 
the normal manner, but that the marsh with its cover af vegetation is 
being destroyed on its seaward side. It is reduced to a series of isolated 
hummocks actively attacked on all sides and known as tjIarJs in the 
St ALilo district. I'hc marsh of Conquer in Finistere is typical (pi. VI b). 
Is this phenomenon connected with a recent slight change of sca-lc\el? 

The presence of raised sections in marshes, never or hardly ever 
covered by the tide, might be construed in the s ime way. May they not 
have been built at a time of a slightly higher sea-level, and may ^he sub- 
division into hillocks not be the result of \ slight regression? On the 
other hand, it can be argued from the fact tliat the hillocks are still 
covered at very high water that they are growing vertically as a result 
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of continual silting on their upper surface at the same time as they arc 
being eroded at ±eir edges. It may be that there is a cycle under present 
conditions; the mud of the eroded hillocks, apart from building up the 
surface of the hillocks, is deposited on the mud-flats which gradually 
evolve into marsh, which finally grows too high to be covered by any 
except very high storm tides which happen only once or twice a year. 

More measurements, more levelling, more photographs from fixed 
points and more use of layers of sand, as employed by Niels Nielsen 
and Steers to measure the rate of sedimentation, together with syste- 
matic borings in marshes and estuaries, will doubtless solve some of the 
problem;. 

Deltas 

A delta is a river mouth where alluvium accumulates instead of being 
redistributed by the sea. The delta, therefore, forms an extension of the 
land, sometimes of considerable size: 30 km. in the case of the Danube 
and 140 km. in the case of the Mississippi, which has the largest delta 
in the world. A delta need not have many branches. Some deltas, such 
as that of the Tiber, have only one branch, while the mouth of the 
Amazon, which is divided into branches, is not a real delta for the 
islands in it are not entirely formed of recent alluvia. The seaward pro- 
jection is the main characteristic of deltas. However, most deltas have 
several branches. 

Many deltas are to be found in seas without appreciable tides or in 
lakes, e.g. Po, Nile, Volga, Amu-Daria, and those of the Mississippi. 
But the great deltas of monsoon Asia are formed in seas where the tides 
are far from being weak. For instance, the tidal range is 4 m. at the 
delta of the Song-Koi. The absence of tides is certainly a favourable 
condition; but really large rivers overcome the unfavourable effects 
caused by the tides. It is not true that the greater the discharge of a 
river, the greater the chance of it building a delta in tidal seas. The 
Congo has no delta, probably because it ends in a deep submarine 
canyon difficult to fill, and possibly also because its load is not great at 
its mouth. 

Even at the mouth of rivers without a delta, there is often a tendency 
for alluvium to be deposited. These embryo deltas are of tw'o types: the 
submarme delta and the bar at the mouth of ihe estuary. 

The Loire (Fig. 13 d) and the Vilaine afford examples of submarine 
deltas: the submarine contours indicate flattened submerged bulges 
with channels on either side. Ships have therefore to use these channels. 
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IIG 13 SUHMLRGtD DILI VS IHL EH FGT OI SLBSKi-NCE 
IN DLI I AIG BEDS 

A. Double tidal delta (internal and external) in Friesland <,lrom ad- 
densymposium, lijd WJ Aard Ulji , 19S0) 

B Diagrammatic repre^^ent ition ol such a delta (after \an Veen, 1936 
and 1950). 

D Submarine delta ot the Loire 

E. Relations between delta-building, marine transgression and sub- 
sidence (alter Barrell (1912") in Tuenhofel) i Delta built in rclauon 
to stable base-level. 2 Transgression or subsidence balanced b\ deposi- 
tion. 3. Transgression or subsidence gaming over deposition ^1 h great 
extension landwards of marine topset beds. 
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Other submarine deltas occur in front of the Zealand estuaries. Associ- 
ated with the passages between the I nesian islands, or with those 
through the offshore bars of the cast coast of the United States, are sub- 
marine deltas of a different type, tidal deJftis (Fig. 13 a). These arc 
normally double, a larger delta in the lagoon and another smaller one 
outside separated by deep tidal channels, e.g. 47 m. in the Marsdiep m 
the north of Holland. 

The submarine bar differs from the submarine delta in its form: it is 
more linear. A very characteristic bar is that of the Gironde: it also has 
n\'o lateral channels, the channel at present in use through the middle 
being artificial. The bar is to be attributed to the piling up of sediments 
by esterly storms. 

But, since these forms are below sea-level, they do not constitute real 
deltas. Even if the bar grew above sea-level and left a fitirly wide entry 
and a large stretch of lagoon behind, it would not constitute a real delta: 
inlets of this type on the Black Sea coast arc called limans. Real deltas he 
above sea-level, or roughly at sea-level, as in the Danube. 

C. K. Gilbert, in 1S85, clearly described the method of formation of 
a delta, and it is worth while to return to the neglected pages of this 
great geomorphologist. The formation of a delta depends, he says, 
almost entirely on the following law: the capacity and competence of a 
stream var>^ with the velocity (the capacity is the total load of a given 
calibre which the stream can carry; the competence is the maximum 
size of the particles which the stream can move on the bottom). Thus, 
if the velocity diminishes quickly at the mouth, deposition will occur 
on the bottom of the channel. These deposits on the bottom form an 
obstacle to the current and promote continuous deposition upstream 
until the profile of the river acquires a continuous slope upstream from 
the mouth to some more steeply inclined part of the course. The slope 
must be sufficient for the velocity of the stream to be adequate for its 
load. Matters do not work out exactly like this but the stream constantly 
maintains a balance between its slope and the work it has to do. Since 
deposition starts at some distance from the mouth the decreased load 
may be transported over a gentler gradient: hence the profile becomes 
slightly concave. At the outer end of the deposit, there is often a sharp 
double break of slope: the slope of the surface of the stream changes to 
the horizontal surface of the sea or lake — any tide will therefore be a 
disturbing factor — and the slope of the stream bottom changes to the 
much steeper one of the delta front (see below). 

As the current is swifter at the centre than at the sides, natural banks 

112 



COASTAL FEATURES RELATED TO SEA ACTION 

or levees are built up on each side. Jlowcvcr, these banks are never as 
high as the level of the greatest floods throughout. Therefore, accidental 
changes occur: the banks arc breached, the breach is rapidly eroded, and 
the new channel is cut deoper than the old one which is quite likely to 
be abandoned. T his is all the more likely if the old course has a very 
gentle slope, while the new channel presents a shorter and therefore 
steeper route to the sea. The position of the mouth varies and the stream 
tends to build up a semicircular delta, comparable with a waste fan in 
form but much flatter. In a river ot considerable size, important dis- 
placements result in the creation of successive deltas. The Mississippi 
has six, of w^hich the last but one is easily recognized to the north of the 
present one. 'Fhc deltas arc divided into sub-deltas and the present 
delta is a sub-delta of the last but one and has developed to a large size 
without further subdivision (Fig. 14 B, c and d). If not controlled, the 
river tends to flow towards the south-east through the Atchafalaya 
mouth. Old branches may continue to function to some extent, e.g. the 
Petit Rhone, the importance of which is, however, progressively 
decreasing. 

In the huge deltas of the Siberian and American Arctic, alterations 
of channels arc much more common than elsewhere, and arc on a large 
scale. The climate and the regime of the rivers arc the causes. At the time 
of the spring flood, when floating tree-trunks and ice erode the banks, 
enormous breaches lead to the cutting of new channels in the still 
frozen alluvium at tlie end of the spring. The pattern of land and water 
is extraordinarily complicated and the general outline can only be seen 
from the air. 

On the levees and in the bed, the particles arc quite lare. — sand and 
occasionally gravel. But beyond the levees arc marshes and es, where 
the waters penetrate only after overflowing the levees during hoods and 
into which only the finest sediments, i.e. mud and organic matter, are 
carried. As the branches are abandoned and cut off when their length 
becomes too great, deposits of former banks and old beds are found 
under lake deposits so that, in detail, the htholog>’ varies abruptly. 
Periodical erosion and slumping of the banks create gullies and thus 
lead to false-bedding. Some delta lakes arc very large, like the Vaccarcs, 
or belter still. Lake Pontchartrain on the Mississippi, which is 40 km. 
by 65 km. The largest and deepest tend to increase by crosiqn of the 
banks, i.e. where the fetch of the waves is long enough. The Vaccarcs 
(Fig. 14 a) has progressively increased in size since the sixteenth centur\': 
it is bounded by minor, but nearly vertical cliffs where Salkoniia and 
as.M. — H 1 13 




HG 14 DLLTAS 

A Evolution of Rhone delta and former shingle ridges (after Francois, 
1937 and Kruit, 1951) only the Vaccares lagoon is shossn b General 
form of Mississippi delta c Modern part of the Mississippi delta 
D Old degraded part of the Mississippi delta positions of former branches 
are cleanly shown E Danube delta (after dc Martonne, 1931, Valsan, 
1938, and Petrcscu, 1948) former sand ridges are shown 
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tamarisks are undermined. This and the other lakes of the Camargue 
fill up as a result of organic sedimentation, aeolian deposits, and the 
waste eroded from the banks. In the Mississippi delta, similar pheno- 
mena involve the coalesceflce of originally separate lakes. In the smaller 
lakes the fetch is generally insufficient for marked erosion of the 
banks and they are more quickly filled by organic sediment because 
they are not so deep. Vegetable matter accumulates on the bottom 
and as the bottom rises, reeds appear in the swamp and finally a fen 
develops. 

All these deposits form the topset beds. But there are also foreset 
beds and bottomset beds (Fig. 13 e). The foreset beds are steeply 
inclined, at angles of 10-25'', the fossil delta of Lake Bonneville, where 
they are easy to study. Their slope is that of the angle of rest of the 
material concerned. Sediments are generally coarser in the foreset beds 
than in the topset beds except for the channel deposits. In the bottom- 
set beds colloidal matter is dominant. These last are formed mainly in 
marine conditions, and partly owe their agglomeration, if not their 
deposition flocculation by the salts in the sca-uatcr. They are 
covered progressively by the foreset beds and these in their turn by the 
topset beds. 

Mechanical action of the sea. But the sea or lake into which the river 
flows causes both erosion and redistribution of the material. 

(a) Redistribution consists essentially in the building up of spits or 
bars w’hich rapidly rise to the surface and cut-off lagoons which are 
finally completely separated from the sea: in this way lagoons of a type 
different from those between the branches of the delta are formed. 
Some arc of mixed origin. The Rhone delta, especially in north-west 
part, is quite remarkable in this respect (Fig. 14 a): aeriai hotographs 
show a large number of successive spits, the oldest of which is the 
Sylve Godc^que near Chatcau-Davignon. Fine modcr'* spits are seen 
on both sides of the Mississippi: on the west, the Ship Shoal is a sub- 
merged offshore bar. The Danube delta is also built up of successive 
ridges known as ^grinds\ which form a goose-foot pattern between the 
arms (Fig. 14 1:); each series of ridges w’as formed by the r^'^rrangement 
of the deposits of one branch of the delta (^Petrescu). 

{b) Marine erosion w orking on a delta results in the wearing aw’ay of 
the topset and even the upper part of the foreset beds. Such erosion 
results from a general reduction of the de ^osits brought by ilic river, 
cither through capture or a change of climate or, more often, through 
the abandonment of part of the delta after the river cuts a new charmel. 
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Thus, the last but one delta of the Mississippi is being appreciably 
eroded (Fig. 14 d). 

On the Rhone delta (Fig. 14 a) these processes are most charac- 
teristic. The erosion results from the following facts: abandonment of 
the Bras-de^Fer, or Vieux Rhone, in 1711; the decreasing importance 
of the Petit Rhone inrrelation to the Grand Rhone. On the coast itself 
there arc two important winds; the mistral, a powerful north-west wind 
with only a short fetch, and the marin, an onshore south-east wind 
which is less common but has a much longer fetch. The chief swell 
therefore comes from the south-east. 

Wh^ n the Grand Rhone flow^ed out by the Bras-de-Fer, the Faraman 
side had a very pronounced point, more than 5 km. in front of the 
present coast. The point in the Gulf of Fos did not exist at that time. 
The points of Beauduc and TEspiguette hardly existed and the Petit 
Rhone, still active, had built up a headland some 2,100 m. in front of 
its present mouth. 

Since 1711 the points of the Bras-de-Fcr and the Petit Rhone have 
been worn back owing to an absence of sedimentation and the deposits 
thus set in motion, together with those from the new mouth of the 
Grand Rhone, have given rise to the building up of the points of 
Beauduc and I’Espiguctte. This evolution has resulted from the action 
of the south-east swell which causes, by its oblique approach, a drift 
of material towards the west. The Faraman lighthouse has had to be 
moved 1,200 m. inland. But when it reaches the bend of the coast at 
Beauduc, the drift is stopped by the secondary swell from the north- 
west, caused by the mistral in the Gulf of Beauduc. Thus a headland is 
formed and gradually built out into the Gulf of Beauduc. Only its end 
advances, since the coast further to the north is eroded by the north- 
west sw^ell. L’Espiguettc evolves in exactly the same way. The general 
evolution is like that at Dungcncss, and clearly shows the predominance 
of marine action. All the river does is to vary the locality where alluvium 
is brought into the sea. 

The rate of marine erosion in deltas varies with the material attacked. 
In sand and gravel it is quick. In clays, which may be extremely 
tenacious, it is clearly slower. 

Classification of deltas. Based on the relative effects of the rivers and 
the sea, and the differences they produce, Gulliver put forward in 1899 
a classification of deltas w hich is reproduced here with slight modilica- 
tion. 

(a) Deltas whete river alluvium is abundant arc lobatc: cither with 

n6 




\’1I\ I’ndcrwatcr oNcrhing mi coral reel on the har^an Bink, 

Red Sea 



VI In C'oral lecl on the Kirsan Bank at a depth ot 2 -^ m 
{I'nJcnLiUif Sth/ItLiu 



COASTAL FEATURES RELATED TO SEA ACTION 

one lobe like the Meander, or with many lobes like the Mississippi, 
the Po, the Rhine, and the Volga. In extreme cases the banks enclosing 
the branches form long fingers into the sea, as in the Grand Rhone and 
the Mississippi. 

(b) When marine erosion is more important, the convex lobes are 
replaced by concave crescents facing the sea anej often meeting at the 
mouths of the streams, as in the Tiber. The Ni.e and Tagliamento show 
features of both type {a) and this cuspate type. 

(c) With active coastal currents, rounded deltas are formed, e.g. the 
Arno, Llobrcgat, Rion, and Crati. 

(d) Almost complete dominance of marine action only allows a 
stunted delta to form, e.g. the Garigliano, Guadalaviar, and Tct. 

Where marine action is absolutely dominant, the mouth is completely 
barred and the river escapes by seepage through the bar. This case, 
already considered in the section on beachcs,*is no longer a delta. 

Relative z'ariations of the sea-level and subsidence. When they begin 
to form, deltas soon develop above sea-level but the submerged part 
only IcrgtV and thickens later. If the land undergoes a slow and 
fairly prolonged uplift, the emerged part of the delta may be readily 
built up provided that the supply of material is sufficient. 

If the sea-level rises as the delta is forming, the unden^’ater part 
thickens. During intermittent transgressions, more rapid than the rate 
of upgrowth of the delta, the sea advances and causes erosion on the top 
of the delta especially on its outer edge and also some deposition of 
marine sediments on the eroded surface of the delta. Vi'hcn the trans- 
gression stops, the delta grows forward again. Such successions are 
found in the Eocene in the Hampshire basin, where maiine beds thin- 
ning westwards alternate with deltaic beds thinning east rds (Stamp, 
in Twenhofel). 

In certain large deltas continuous subsidence allows the accumula- 
tion of considerable thicknesses of material. In the Mississippi delta, 
a thickness of 900 m. is attributed to recent deposits, 900 to the Low 
Terrace, and 700 to the one preceding. The base of the Cretaceous is at 
a depth of more than 8,000 m. Such great accumulation is certainly due 
to a subsidence which may be explained, but perhaps only partly, by 
isostatic compensation (sec Chapter VII) caused by overloading. The 
result is that the delta remains permanently in approximately the same 
place. 
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tliittiiefcm«|%ao|imkiilidr(b«^^ ' 

SmtMt .-rtAAlAw/rfr ccraignmtk: Conb bmU reefs only j„ 
arais determined by the tempemnre, depth, movemcm. ^hmiy, and 
\\iib\d\l\ of ihc ^^•atcr. Outride these limits isolated coral* cjust m ecr- 
urn places bui arc of no umportanoc as reef forms. Attcnrion rnusr aKo 
be pjid to the L'dlc^rcous Tctutfi^d tifrttdosj, ot the ^McJjtcrrjncjn, 
which builds a ledge from o 50 m. ro 2 m. wide (p. 66). 

Coral reefs, which arc knowm from strata as old as the CjiTibnan, 
develop in seas where thi temperature never falls below 18 C"., and 
remains on the average a few degrees above that figure. The most fa\ our- 
able temperature is from 25 to 30 C. Light is essential since the pol)ps 
live in symbiosis with unicellular algae, the Zooxiinthcllac, which need 
strong light for their functions. This is why tiic chief development ol 
reefs takes place betw'ecn ordmar}' low’ tide and a depth of 15 fathoms. 
At this depth, the number of surface reef species falls abruptly, and there 
progressively appear non-surface species which live under ditfercnt 
conditions; the reef-building corals arc practically restricted to com- 
paratively shallow w’ater. Above ordinary low' water level corals cannot 
live, since they cannot bear any prolonged emersion, and temperatures 
of more than 36 '-C. are fatal. 

Corals like disturbed water that is continually being changed, since 
it contains more oxygen and is richer in nutritive matter; but breakers 
which are too strong are unfavourable since they may damage the coral. 
Salinity must be between 27 and 40 per mille. Turbidity is generally 
unfavourable, because coral dies if choked with mud. How'cvcr, difler- 
ent corals react differently. Some are almost incapable of combating silt; 
others, like Fungia, combat it effectively by the movement of their cilia. 
Mud falling from above may be eliminated in this w'ay; but corals can 
do nothing against mud which buries the base of the organism. On the 
whole much mud or sand is unfavourable, but coral reefs do exist in the 
proximity, of certain river mouths as in Indonesia and Hawaii, and in 
front of the River Loza in Madagascar. 

It has often been said that coral requires a solid base for its growth. 
This is true where the waves are powerful enough to destroy reefs 
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which are not fully cstabhshcd, bpt in the calm water of the coral 
lagoons of the Red Sea, it is not unusual to find small colonies merely 
restmg on sand so that they can be easily moved by hand. In Australia 
borings in the Great Barrier Reefs show intercalations of sand and mud 
between beds of reef corals and in Indonesia certain reefs also rest on 
silt or mud. 

The world disfribution of reefs depends upon these rJlquirements: 
coral reefs are found m tropical seas from Bermuda, the north of the 
Red Sea, Midway, and the Hawaiian Islands m the Northern Heim- 
sphere, to Houtman’s Abrolhos on the west coast of Austraha and 
Lord Howe Island at 31 30' in the South Pacific between Austraha and 
New Zealand They are absent or rare on the eastern sides of oceans, 
as the currents there arc usually too cool . for example, on the Amencan 
Pacific coast colomes occur only between the Gulf of California and 
latitude 2 South They shun the great deltas of India, Indochina, and 
China and those of the tropical Atlantic, they avoid confined coastal 
lagoons I « water is insufficientl) aerated, too hot or too variable 

in temperature and salinitv Thev flourish, on the other hand, m the 
central and western Paciiic, on the north-cast, nonh and north-west 
coasts of Australia, in Indonesia, the islands and the west coast of the 
Indian Ocean, in the Red Sea, Pastern Bra/ih and in the Antilles In 
these places sup< rb developments ot coni ^^ands and reefs are found, 
lagoons of an indescribable greenish blue, hemmed m b\ majestic and 
powerful breakers in tlic open ocean, gardens ot stone where vellow, 
violet, green, and red intermingle Massive and branching corals are 
intermingled and innumerable hsh riv al the eoral m their magmficence 

Coral IS ^ilwavs accompanied b> numerous calcareous . the most 
important ot which is I ithot/iarhniony and bv gastro^ is, lamelh- 
branchs, cchinoderms, md forammitcra, which pla} a vciv large part 
in the construction and nature ot the reef The liv ing part ot the reef 
forms the bioJurtfu but a 1 ir larger part of it consists ot detrital material 
derived from the biohcrm b\ sea action. 

Reef forms 

I. Atolls (Fig 15 a) Atolls arc rings of coral interrupted bv channels, 
surrounding a lagoon whose depth gcncralh exceeds 30 m but rarely 
100 m and whose diameter, although v er>^ v ariable, mav cxcc^ed 60 km 
The channels arc vcr\ rarel> more than I*^*^ m m depth The ^’■ae atolls 
are nearly all in the Indian and Pacific oceans and the Indonesian seas, 
however, the Red Sea has some tv'pical examples such as Sanganeb m 
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front of Port Sudan. The zones on an atoll are usually as follows 
(Fig. i8 a): 

(а) The seaward slope. This slope usually falls very steeply to con- 
siderable depths: it reaches and frequently exceeds an angle of 45'’ for 
several hundreds of metres, and even in the upper parts which can be 
explored in a diving «iuit, overhangs of several metres are frequently 
observed (pi. VII a). Overhangs are quite normal where the level of 
the sea remains constant. Corals in their struggle for light, oxygen, and 
nourishment must grow outwards and thus form an overhang, which 
may be concealed by detritus only. The detritus is built into the reef 
by thf action of calcareous algae, Alcyonaria^ etc., so that the outside 
slope becomes compact and jagged apart from the sand which covers 
ledges occurring on the slope. 

(б) The algal ridge. This ridge, which is clearly marked only on the 
windward side of the reefb, is also called the Lithothamnion ridge, but 
actually consists mainly of Porolithon^ another calcareous alga. It forms 
on the outer edge of the reef. It is the highest part of the atoll apart from 
any true island included in it. It is absent from the Indonesian and Red 
Sea reefs, as it is an oceanic form, formed in the zone where long, power- 
ful swell breaks, and such swell is absent from enclosed seas. The surf is 
very powerful since there is no platform in front to weaken the swell. 
The surf attains a height of several metres, and makes the reefs in- 
accessible from windward, except through the channels, and consider- 
ably disturbs coral growth down to depths of 2 or 3 m. But Porolithon 
flourishes in these breakers. It can live, unlike coral, above sea-level so 
long as it is constantly moistened by spray. It therefore forms a ridge 
on the windward side, as at Bikini in the Marshall Islands, w^here it 
builds a red or rose-coloured rampart, like a cuesta in form, facing the 
open sea, and lying o-6-i m. above the reef-flat behind it. 

At Bikini the top of the outside slope on the windward side is inter- 
sected by regularly-spaced submarine grooves and intervening spurs. 
These seem to be an adaptation to the breakers, which they canalize, 
and cause to break early. The grooves extend inside the algal ridge as 
surge channels, not as a result of erosion (according to Emery, Tracey, 
and Ladd), but because Porolithon forms bosses and ridges between 
them and gradually grows over them, thus forming in places what is 
called a ‘rpom-and-pillar structure’. The water brought by the waves 
spurts up like geysers from the inner ends of these tunnels, around 
which calcareous algae construct raised rims on some reefs; the water 
runs away into a succession of basins bounded by walls deposited by the 
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riG. 15 BIKINI ATOLL 

A. General map (after U.S. Hydrographic Office). B. MagnAic results 
of Alldredgc and Dichtcl (1949). c. Seisir’c results of Dobrin, Perkins, 
and Snavcly (1949). The contours of the basement obtained by these 
methods are approximate. 
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same alga. On the leeward side o£ the reef, the algal ridge is much 
lower, and the grooves are absent or replaced by caverns enclosed by 
coral and calcareous algae. These forms are not peculiar to the Marshall 
Islands, but also occur, for example, at Funafhti in the Ellice Islands, at 
Raroia in the Tuamotu group, at Onotoa in the Gilbert Islands. How- 
ever, there .lS much Fontroversy among scientists whether they are 
mainly constructional or erosional forms. In any case, exposure often 
plays an essential part in the formation of reefs. 

(c) The reef-flat lies behind the algal ridge and consists of different 
subzones which vary with locality. It is usually several hundred metres 
wide. 'This platform, which is very irregular and uneven in detail, is 
partly visible at low water, especially in places, such as parts of Aus- 
tralia, where the tidal range is fairly large. It is formed mainly of dead 
coral — bored into mechanically or chemically by algae, sponges, and 
Lithophagus — and also of ‘detritus re-cemented and encrusted by cal- 
careous algae. The whole platform is often partly occupied by living 
corals, which near the algal ridge find favourable conditions for life 
in the abundant supply of water from the ocean. This coral, when it 
consists of PoriteSy often assumes the shape of ‘micro-atolls’, circular 
constructions of coral, in which the live individuals are at the edge, 
which thus rises a little above the centre. The height is usually a few 
decimetres and the diameter varies from several decimetres to several 
metres. The hollows are partly filled with calcareous sand. Accumula- 
tions of detrital blocks form banks in places. The largest, broken off 
by hurricanes or typhoons, are the ‘negro-heads’. Some negro-heads, 
however, which 'form an integral part of a reef, are in fact all that 
remains of an older reef, built in relation to a higher sea-level, and now 
reduced to present sea-level as a result of corrosion after a slight fall 
in the level of the sea. 

On reef platforms islands arc found. They arc formed oT calcareous 
sand produced by the wear and tear of corals, foraminifera, and algae. 
The sand on the beaches is often consolidated into a calcareous sand- 
stone, the beach-rock, which is still forming, but is often cut into jagged 
forms by corrosion (see p. 29). Islands may shift in the direction of 
dominant winds, and all that remains to indicate their former positions 
are one or more ridges of beach-rock. 

{d) The.irmer slope is more gende than the outer slope. The upper part 
is formed of sand swept from the islands. On the slope there are colonics 
of living coral with large flat-topped heads which almost reach the 
surface. The appearance of the slope and the creatures living there 
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vary, depending upon whether they arc on the windward side, where 
they arc under the shelter of the reef, or subject to the waves formed in 
the lagoons. 

{e) The lagoon has variftle relief. The bottom is sometimes flat and 
covered with calcareous sand of unknown thickness, constantly tritur- 
ated by Holothurians whose morphological effecat, however, cannot be 
very great. But the sandy bottom is often broken by numbers of steep 
knolls of living coral which rise to within a few fathoms of the surface. 
The Eniwetok lagoon in the Marshall Islands, of which Emery has 
produced a very fine chart, contains about 2,300 of them. We must not 
therefore assume that coral does not grow freely m lagoons. 

2. Barrier reefs. These reefs enclose one or more non-coral islands. 
In detail, the zones and general form are much like those of the atolls. 
The Queensland Barrier Reefs, the most famous in the world, con- 
sist of two very different sections; the first north of Trinity Opening 
and the second south of it and includmg the Capricorn channel. Corals 
do not rorm true barrier reefs on the other coasts of Australia. Other 
fine barrio* i^^cfs encircle New Caledoma, and the Fi)i Islands. Barrier 
reefs around very small islands closely resemble atolls, for example 
in the Truk Islands m the Caroline group. Double barrier reefs, like 
that off the north-\\est of Vm Levu, Fiji, arc extremely rare. 

3. Fringing reefs^ which he close to the shore of the land, arc one of the 
commonest forms. Two types may be distinguished. 

(a) Reefs facing the open sea and unprotected by a harrier show a series 
of zones analogous w ith those of barrier reefs and atolls. 

{h) Reefs protected by a barrier are extremely common. Sheltered from 
the great breakers, they have no algal ridge, but their ou'^r edge is often 
very abrupt. They resemble the reef-flats of atolls in bein^ ^ry irregular, 
and are occupied by a series of pools at low water. 

Very often the fringing reef is not actually joined to the coast, but 
separated from it by a channel 0-3-1 5 m deep, called the ‘boat 
channel’, the bottom of which is covered with sand and gravel, and 
sometimes plants, c.g. in Madagascar. This is in many cases connected 
with the fact that the abundance of sediment near the shore is un- 
favourable for the growTh of coral. The cast coast of the Red Sea north 
of Jiddah has a very long channel of this type ^Fig. 18 b), which occurs 
also in the fringing reefs of the north-w'cst coast of Madagas‘;ar. 

On any one island, a reef may be sue ssively a fringing reef, and a 
barrier reef, and may even simulate an atoll at some point: examples 
occur in the Palaos Islands, Wallis Islands, and the Fiji Islands (Fig. 17 c). 
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4. Shallow lagoon reefs^ which are annular, are like small atolls in 
which the lagoon is only a large pool a few decimetres or metres in 
depth. This type of reef is almost absent from the open oceans although 
some of the atolls of the south-east Gilbert Islands are more or less of 
this nature. JJy contrast, such reefs are very common in epi-contincntal 
seas such as the seastaround Indonesia, the South China Sea, in the 
Antilles, on the north part of the Farsan bank in the Red Sea (pi. 
VIII a), along the north-west coast of Madagascar, and especially round 
Australia, where they have been carefully studied, notably between the 
Great Barrier of Queensland and the mainland. These reefs, like real 
atolls, -re found in situations exposed to wind and swell. Off Queens- 
land, they are in the path of the south-east trades. They arc usually 
oval, with the major axis orientated north-wcst-souih-east, and are 
higher on the windward side. From south-east to north-west the 
following zones are found* (Fig. 16 a). 

(u) Above the outside slope, which is covered with living corals and 
rises rapidly from the relatively shallow depths of a few dozen metres 
found in the steamer channel, concentric ramparts of coral debris have 
been built up one after the other. Some vegetation, generally Avicenniay 
colonizes the ramparts, which die out towards the north-west. The 
oldest are cemented into a conglomerate. 

{b) Behind the ridges there is a pseudo-lagoon or swamp, the bottom 
of which is covered with black calcareous mud and sand. At the south- 
east comer of the sw’amp grows a high, dense cover of mangrove with 
Rhizophora mucronata. This pseudo-lagoon partially dries out at low 
water. 

« 

(c) At the north-west or leeward end there is a sand cay which may 
or may not be wooded, but usually includes beds of beach-rock. 
According to Steers, the cays are formed where the sand is prevented 
from migrating farther to the north-west by the swell Refracted or 
diffracted in the lee of the reef. The cay is absent from poorly developed 
young reefs. The whole reef is of moderate size, its longer axis being 
only a few hundreds or thousands of metres long. 

These forms seem to be associated with constant or prevailing winds, 
for example, on the northern part of the Farsan bank in the Red Sea, 
where the prevailing wind blows from the north-west, and where 
contrasts rbetween windward and leeward slopes, similar to those at 
Bikini, are found (Fig. 16 c). The differences between these and the 
Queensland coast forms are not fundamental: in the Red Sea the under- 
lying solid rock is at a greater depth, mangroves are absent, and the 
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FIG. l6 ANMLAR RFUS WITH SHALLOW LAGOONS 

A Low Isles, Queensland Barrier Reefs (i6 23 S , 145 34' E ) (.after 
Bairbridge and Tcichcrt, 1948) B Mode ot evolution of such reels (after 
hairbridge, 1950) c. Mannar reel at tb^' northern end of Farsan 
bank in the Red Sea (alter Guilcher, 195 
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banks of shingle are obscure and below sea-level. In Indonesia and the 
South China Sea climatic conditions are different: as a result of the 
monsoonal regime of seasonally changing winds, cays which are not 
fixed suffer a seasonal change in orientation. If the two monsoons arc 
of equal strength, the cay is central, and there are ridges of debris on 
both sides ^»f the reef. The form is then symmetrical as in the South 
China Sea. If the monsoons arc of unequal strength the forms approach 
those of Queensland or the Red Sea. Verstappen has shown that the 
Indonesian reefs of this kind may be gready modified in shape if the 
prevailing monsoon changes for a number of years. 

SmjU reefs of the same kind may be associated with strong tidal 
currents, rather than with the wind; for example certain reefs between 
Cape Direction and Cape Melville on the Queensland coast, where 
structural control may also play a part, and certain Indonesian reefs 
such as those in the Sibitfi archipelago to the north of Borneo. In these 
conditions they form either annular reefs extending in the direction of 
the current and separated by narrow, deep channels sometimes ex- 
ceeding lOO m. in depth, or simple elongated reefs of the same type. 

5. Faros are chains of small atolls with lagoons of no great depth, 
forming either a large atoll or a barrier reef. This curious type of reef is 
not very common. It is found in the Moluccas, e.g. Maria Reigersbergen 
in the Banggai archipelago, and on the Tagula barrier to the south-east 
of New Guinea, and the Vanua Levu barrier in the Fiji Islands. The 
most numerous and complex examples are in the Maldivc archipelago, 
from which the name faro is derived. The southern Maldives have no 
clear faros, but' north of the Veimandu channel they include (Fig. 17 
A and b): 

{a) Two large circular groups of atolls stretching 260-300 km. 
north-south and about 90-100 km. east-west. 

(b) Each of these two groups contains seven or eight large atolls, the 
lagoons of which are generally 35-70 m. deep; between these atolls are 
channels generally more than 400 m. deep. Comparable depths occur in 
the centres of the two large circular groups. 

(c) Faros occur on the edges of the large atolls. Some are 10 km. or 
more in length, but the majority are smaller. The smallest are almost 
circular, but others are elongated parallel to the edges of the larger 
atolls. Usually their lagoons are less than 20 m. deep, but vary between 
5-6 m. and almost 40 m. Shallow lagoons are also charaaeristic of faros 
in other districts and to some extent they may resemble the annular 
reefs of Australia. In addition, several of the larger atolls in the Maldives, 
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FIG. 17 FAROS, BARRIFR REEFS, AND FRINGINT REEFS 

A. Northern Maldives (alter Kuenen, 1950)— based on Admiralty 
chart No. 66A. Depths m metres. B. Detail of one atoll and associated 
faros in same group: based on Admiralty chart No. 66A. Depths in 
metres, c. Kanathea, Exploring Islands. Fi)i group (170"* S., 179 

10' W.) — based on Admiralty chart No. .6. Barrier and fringmg reefs, 
passing into an atoll form in the north-east. Steep outer slopes. Depths 
and heights in metres. 
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notably South MalosmaduJu, Ari, and Nilandu, contain many faros in 
their lagoons beside those occurring on their outer edge. The channels 
betw'een the marginal faros are 25-60 m. deep, i.e. about the same or 
a little less deep than the lagoons of the large atolls. 

6. Cora/ banks are isolated, rather shapeless reefs. They may be 
embryo forms of the shallow lagoon reef, as often appears to be the case 
in Australia, or atolls with filled lagoons as in the south-east Gilbert 
Islands, or parts of fringing or barrier reefs isolated from the main 
structure, or the upper parts of coral knolls in lagoons. 

7. Submerged and raised reefs arc old reefs, no longer being built up 
because conditions under which coral can live are no longer present. 
In tiiis class are forms such as the drowned atolls of the west central 
Carolines where one of them covers 885 square miles, and the drowned 
barrier reefs like that of Waigeo in the Moluccas where the diftercncc 
in depth beween the lageon and the enclosing reef is 170 m. in places. 
The submergence may be due to a subsidence or a marine transgression 
too rapid for coral to continue growing. Raised reefs arc very numerous 
even if we exclude fossil forms, in which large colonics may affect the 
course of erosion. Examples of recently uplifted reefs arc the barrier 
reefs of New Georgia in the Solomon Islands, and of Mangai’a in the 
Cook Islands; the Guam reef w’hich is tilted; the Pocloc Dana reef west 
of Timor which is an atoll with a dried-up lagoon; the Abulat reef on 
the Farsan bank in the Red Sea which is broken by numerous faults 
into small tilted blocks. When they are w'ell preserved they retain the 
steepness and the overhanging sections of the former submarine slopes 
and sometimes form high steep chffs, as at Makatca in the Tuamotu 
group. 

The origins of reefs. The problem of the origin of reefs has already 
been touched upon; it has been seen that the form of reefs is influenced 
both by swell and at times by currents. These factors satisfactorily 
explain the form of annular reefs with a shallow lagoon, while, in 
Australia, their growth from small coral flats has been traced (Fig. 16 n). 
Can we also attribute atolls, which are also controlled by the swell, to a 
similar process of the merging of the ends of an original crcsccniic 
form open downwind? Certain writers such as Krempf and Wood- 
Jones have thought so. But the great difficulty is that atolls arc evidently 
akin to barrier reefs, for which the foregoing explanation is of no value. 
It does rfbt explain the distance between the central island and the 
barrier reef on the windward side. We must also assume that reefs in 
the open ocean rest on rocks other than coral even when the underlying 
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rocks Rfc not visible. rIso need to know why the underlying rocks 
are not visible and at what depth they arc to be found. 

The first serious explanation was Darwin’s. It may be summed up in 
one word: subsidence.^ The coral first of all grew as a fringing reef 
round an island. Then the island subsided and the coral grew vertically 
upwards or even somewhat overhanging on the seaward side. Thus a 
barrier reef was formed. If the subsidence was sufficient for the island 
to disappear an atoll was formed.^ Although at first received with 
admiration, Darwin’s explanation, which was adopted by Dana, was 
subject to considerable criticism towards the end of the nineteenth 
century, and by 1900 was scarcely believed. Yet, as Davis pointed out, 
when he revived the theory, Darwin had foreseen all the objections 
which were made to his views. 

The theories proposed at the end of the nineteenth and the beginning 
of the twentieth century to replace Darwin ^ have been summarized 
by Davis in his main w'ork (p. 22). Reefs may have been formed 

‘by upgr^^nth on still-standing, aggraded submarine banks, as Rein 
first and Murray later suggested and as Wood-Jones still more recently 
argued; by outgrow’th from still-standing foundations, the lagoon being 
excavated by solution back of the living reef, as Murray also proposed; 
by outgrowth on rising foundations, as Semper and Guppy believed. 
Semper having anticipated Murray in explaining lagoons by solution; 
by upgrowth on still-standing foundauons completely truncated by 
abrasion, as Wharton proposed; or incompletely truncated as Tyerman 
and Bcnnct long ago and as Guppy later suggested; or on platforms 
produced around still-standing foundations by subacriil erosion and 
submarine denudation, as Agassiz bclic\<.d ... for all 'ese theories 
succeed in explaining the visible features of reefs thv.c they were 

^ Or more oxactly: reefs gro\Mng on rock foundations sub''*ct to mtermittent 
or continuous subsidence. 

* Davis (1928, pp. 1 3 1-7) maintained that if suosidencc is continuous and 
slow’ enough the reef grows first outwards then upwards and finally mwards, 
so that in cross-section a con\ex slope is formed. First of all (Fig. 18 c\ the 
amount of material required lor the building of the external talus slope (and 
also the filling up of the lagoon) is not large, but it increases progressively as 
the reef grows up. The convexity of the reef profile results from the fact that, 
as the surface area of the talus slope increases, the same amounts of debris form 
progressively thinner layers on that slope. But this deductive argument, although 
logical, is entirely hypothetical, and is not m agreement w’lih all the ♦observed 
data. In fact, the common occurrence of stcc^ outer slopes, often hundreds of 
metres high, suggests that the supply of talus plays a less important role than is 
implied by Davis, and that vertical grow’th continues for a longer time than 
Davis thought likely. Consequently Fig. 18 c is a modification of Davis’s figure. 
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invented to explain. It is with regard to the invisible conditions and 
processes of the past that the theories differ.* 

Davis has shown that Darwin admitted tlie possibility of the first theory 
applying to certain cases. It was later revived by Hoffmeister and Ladd 
in the Theory of antecedent platforms’, which covers all reefs estab- 
lishing themselves on any foundation situated at a suitable depth and 
so offering favourable conditions for coral growth. The idea that the 
lagoons are due to solution has also been upheld by Stanley Gardiner, 
but it creates difficulties if it is combined with the first theory quoted 
by Da\'is above, for (Davis, p. 6o) ‘the same solvent action ought to have 
prevented the upgrowth of the bank [by submarine sedimentation] 
before it reached so small a depth that corals would settle on it’. 
Further, recent work in the Pacific, notably at Eniwetok, shows clearly 
that lagoons are being fihed up by the growth of coral and not being 
enlarged. The third theory, which has been applied to the Palaos and 
Solomon Islands, has been rejected for those places by Davis on die 
grounds that the volcanic substratum of the raised coral reefs of these 
islands suffered subacrial erosion before the corals gained a footing 
there. These were, A^ithout doubt, subacrial volcanoes; later these vol- 
canoes may have subsided, thus allowing coral to grow there (according 
to Darwin’s thcor}’), and finally the volcanoes together with the reefs 
have been uplifted. 

The glacio-eustatic theory, A more recent theory and one which needs 
close examination was put forward by Daly, w'ho explained most of the 
characteristics ^f reefs by glacio-eustatism. His explanation is based 
upon the fact that a great number of lagoons arc about 6o m. deep. 
These are thought to be non-coral platforms merely covered with a thin 
layer of debris and calcareous algae. They were eroded during a glacia- 
tion, when sea-level fell, in marginal belts of the coral season which the 
cold would have prevented corals from living. Aftcrw’ards the post- 
glacial amelioration of climate allow’ed reef building to take place more 
or less at the same time as the sea-level rose. The corals arc thought to 
have colonized the marginal regions from the warmer seas where they 
would have existed throughout. Daly calls attention to the widths of tlie 
atolls and barrier reefs, which arc greater in the equatorial than in the 
margina^ regions, thus implying that in the latter, the reefs are more 
recent. He admits earth movements but considers them to be only of 
local importance. 

Without entering into the details of the discussion, which would be 
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impossible herC) it must be stressed that the swing of opinion in favour 
of Darwin is due to Davis who, after an extensive voyage in the Pacific, 
and thirty-five articles dealing with very different coral regions, came 
down emphatically in his h;ial synthesis in 1928 in favour of the theory 
of subsidence. He does not deny that the glacio-eustatic theory has its 
value, and thinks that it can explain the abrasion^ at times of low sea- 
level, of the islands of the marginal coral regions. In these regions, the 
existence of cliffs cut into the islands behind ihe actual barrier reef, is, 
he says (p. 219), evidence in favour of Daly, for the reefs could not have 
been there when the cliffs were formed. But he thinks that abrasion 
during low glacial sca-lcvcls was not very important. He questions, as 
others have done after him, the uniformity of depth of lagoons. He 
constantly uses an important argument in favour of Darwin’s theory, 
an argument not put forw^ard by Darwin but envisaged by Dana, 
namely the presence of embayed shorelines, i.e. submerged valleys, in 
islands surrounded by coral: entrenched valleys continued in long, deep 
bays prove submergence. After examining the possible effects of the 
post-glacial rise of sea-level, Davis concluded that this is insufficient to 
explain uil 'c^turcs of submergence showm by islands surrounded by 
barrier reefs, and that subsidence must also be invoked to explain the 
relief. 

Borings, Borings in reefs ought to be a decisive test of the theories 
invoking subsidence (Darwin, Dana, Davi-s) and of the glacio-eustatic 
theory (Daly). In fact, the latter implies that coral formations should 
not be thicker than the depth of water returned to the oceans by the 
melting of the glaciers, as corals are presumed to have formed only a 
thin cover before glacia'tion. Subsidence on the other hand implies a 
considerable thickness of coral, wliich, according to P ^ly, would be 
exceptional. 

Borings, which arc now fairly numerous in ditlcrcnt regions, clearly 
favour subsidence. With the po>siblc exception of the Bermudas which 
arc only partly coral, few coral areas show features entirely in agreement 
w’iih glacio-custaiism. The Bermudas stand on a platform at a depth of 
75 m. and seismic w^ork in 1952 showed a planation at this level under 
the w'holc of the archipelago, as Daly’s theorv’ implies. The boring of 
Kua Daito Zima, or North Borodino, south of Japan, shows Plio- 
Pleistoccne coral down to 103 m., that is, at somewhat too great a 
depth to be explained by cusiatism as Daly conceived it. TAis boring 
went down to 432 m. without rcachin ffic basement. Twv .''ores put 
down in the lagoon of the Great Barrier Reefs off Queensland, at 
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Michaelmas Cay and Heron Island, proved recent coral down to — 123 
and — 145 m. At Funafuti in the Ellice Islands there is coral in situ 
down to — 339 m. at which level the boring stopped. At Maratoca to 
the north-east of Borneo coral is foimd as far as the bottom of the bore 
at — 429 m.; at Oahu in the Hawaiian Islands, down to — 319 m.; at 
Bikini in th^ Marshall. Islands, the deepest of the four borings reached 

— 777 m. without entering the basement, and coral is reported from 
depths as great as — 640 m. (sec Bikini and nearby atolls^ pp. 82-3) 
Daly has suggested that some of these could be explained by assuming 
great banks of talus on the outside slope, but the Queensland borings 
are in the lagoon and not on the barrier proper; the Maratoca boring is 
in thv. lagoon of an atoll; at Funafuti, where the boring was started on 
the edge of the atoll, the coral is described as being in situ and not as 
talus, and at Bikini there is a considerable thickness of pre-Quaternary 
coral construction: the top of the Upper Miocene is tentatively placed 
at — 259 m., and the coral lying at — 622 m. is assumed to be Oligo- 
cene. Moreover, a magnetometer surv^ey at Bikini shows that the 
foundation of this atoll, presumably volcanic, varies in depth from 

— 1,520 to — 3,950 m. Lastly, at Eniwetok in the Marshall Islands, 
two borings in the north-west and south-east of the atoll reached the 
foundation at 1,401 m. and 1,267 ni- the second, the foundation 
is olivine basalt, lying under shallow-water Eocene limestone. In both, 
clay, mud, and hundreds of feet of Quaternary coral limestone are 
passed through before the Tertiary, mainly limestone with a little 
dolomite, is reached. The Pliocene and Quaternary subsidence of 
Bikini and Eniwetok is therefore only a continuation of an earlier and 
very much greater subsidence (Fig. 15 b and c). 

Borings prove, therefore, that the glacio-custatic theory is insuffi- 
cient and that one must revert to Darwin’s theory in the majority of 
cases. In the case of Eniwetok the theory of antecedent platforms 
may also be applied. Moreover, it is difficult to explain in any other way 
the steepness of many of the outer slopes often hundreds of metres high, 
as these are steeper than submarine volcanoes and talus slopes. 

Theories involving earth movements and eustatic movements. However, 
eustatic oscillations of sea-level in the Quaternary must have taken 
place and had some effect on coral formation, as Davis himself clearly 
recognized. Taking this into consideration, Kuenen and Stearns have 
each made,.attempts to develop new theories involving both isostatic 
movements and all Quaternary eustatic movements and not merely 
the last. Earth movements are of various kinds: according to Stearns 
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subsidence has been dominant in the central or ‘true’ Pacific, and uplift 
in the western Pacific west of the Andesite line (p. 239). Earth move- 
ments were of major importance in the Tertiary and possibly continued 
in the Quaternary, when, however, eustatic movements assumed a 
dominant role. At times of low sea-level, earlier coral structures were 
undoubtedly attacked^, chiefly by subaerial solution and marine cor- 
rosion at that sea-level. Kuenen states that the channels through barrier 
reefs and atolls very rarely have a depth greater than 100 m. and he 
regards this as an effect of eustatism. In the Tertiary, the growth of 
barrier reefs and atolls would have been continuous, subsidence being 
generally slow enough for reef building to keep pace with it. The last 
Quaternary eustatic transgression was more abrupt, and the corals were 
locally killed off when the sea-level rose faster than they could build up. 
This may account for the channels in the reefs. Eustatism accounts for 
the common association of barrier and fringing reefs. It can also explain 
the faros as post-glacial features developing as annular forms from the 
Australian type and not linear forms on earlier barrier reefs, because 
these barrier reefs were wide enough to be subdivided, and to enclose 
lagoons wide enough for the water on the landward side to be in move- 
ment and well oxygenated. But the larger atolls of the Maldive complexes 
cannot be so explained, because the channels between such atolls and 
faros are too deep. A rapid pre-glacial subsidence in the area may have 
had the same effect as the later post-glacial transgression which gave rise 
to the faros (Fig. 18 di-d6). 

Conclusion, We have by no means clarified all the problems presented 
by reefs. A tentative diagram has been drawn (p. 135) to show some of 
the sequences and probable combinations but not all. In particular, the 
combined effects of eustatic movements and earth movements have been 
omitted. It should not be assumed from the diagram that in all cases 
evolution necessarily ends in a coral bank, as certain forms probably 
reach equilibrium at one of the earlier stages. 

Among the unsolved problems W'e must mention that of the difference 
between the true atolls and the annular reefs with a shallow lagoon. 
Generally the latter are found nearer the land and the former in the 
open ocean. But it is difficult to account for this distribution, while in 
the Red Sea and in Indonesia reefs of both types occur. In both cases 
the exact, effects of swell and currents remain to be determined. These 
factors are undoubtedly important, but how do they fit in with eustatic 
oscillations and subsidence? Can they cause the reef to migrate on its 
foundation for any distance, or do they effect a balance between growth 
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and migration, as seems to be the case on the outer windward slope of 
Bikini atoll? Can atolls, or some of them, be an inheritance from 
subaerial erosion forms, controlled by limestone solution during periods 
of low sea-level, as Japanese scientists and. Stearns MacNeil recently 
suggested? There are also the problems of the relative importance of 
corrosion and mecharical abrasion in the lowering of old reefs, and of 
the exact importance of this lowering. We must hope that the interest 
shown by the petroleum companies in reefs will result in more numerous 
borings, which will be complementary to submarine exploration. Such 
research will doubtless create problems of which we are as yet unaware. 
Coral reefs form one of the most complex questions in geomorphology. 
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Haticras). 

France i, 50,000, Sainies (cf. succes>.;e editions); ' 'pignan (etang 
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^.S.M. — K 
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Bull. C.O.E.C.y Vol. 6, Nov. 1954, pp. 387-97. 

L. BERTHOIS. Lcs variations dc la composition mincralogique des vases^ 
C.R. Ac. Sc.y Vol. 241, II July 1955, PP* 231-2. 

L. and c. BERTHOIS. Ltude dc la sedimentation dans I’estuaire de la 
Rance, Bull. Labor. Marit. Diriard, Vol. 40, Nov. 1954, pn 4-1 
and Vol. 4L July 1955, PP* 3-18. 

A. GUILCHER. Lcs travaux dc Berthois sur I’estuaire de la Loire, Norois, 
Vol. 3, I956> pp. 87-90 (general summary with many references; 
see also id., ibid., Vol. 4, Jan.-Mar. 1957, pp. 106-7). 

L. M. J. U, VAN STRAATEN. Composition and structure of recent marine 
sediments in the Netherlands, Leidse Geol. Med., Vol. 19, 1954, 

pp. I-IIO. 

F. VERGER. Quelqucs remarques sur la formation ct le relief des schorres, 
Bidl. Ass. gcogr. fran^ais, June 1956, pp. 146-56. 

K. GRIPP. Das Watt: Begriff, Begrenzung und fossile Vorkommen, 

Senkenbergiana Lcthaca, Vol. 37, 1956, pp. 149-81 (includes 
many German references). • 

Local Studies 

R. KERVii ER. Lc chronomctrc prchisionque dc Saint-Nazaire, Armoriqtie 
€t Urdagne, Pari'i, Champion, Vol. i, 1893, pp. 3-41. 

LEVLQUE. Bordeaux ct Vt^tuaire girofidvi, B(^rdcaux, 1936. 

L. PAPY. La core allantique de la Loire a la Gironde, Vol. i. Les aspects 

naturcls. Thesis Pans, Bordeaux, 1941. 
j, GRAVIER. Le marais Poitcvin, Bull. Soe. bch^c Ct. gcog., Vol. 18, 1949, 
PP- 37-55- 

CH. pussi NOT, Au sujet d’unc submersion rcccnte des cotes du Morbihan, 
C.R. Ac. Sc., Vol, 160, 2nd scm. 19195 pp. 476-8. 

A. Rivii-.RE. Lc Traict du Ooisic, Rev. gtog. pin geol. dyn., Vol. 9, 1936, 

pp. 163-94. 

CL. FRANCis-BOiA'f , Obbcrv’jtions 'ur lc milieu flr^’io-marin de la 
Charente cn penode d’etiage, C.R, Ac. Sc., Vol 29, Dec. 1949, 
pp. 1253-5. 

Y. GUii.LlEV. lixcurMon du 28 mai 1949 dc Rochefort a Cognac, Scdiin. 
ct Qua tern., 1949, pp. 296-9. 

M. PHI ippoNNEAr. La baic du Mont-Saint-.\lichcl, Thesis, Paris, 1955. 
F. VLRC.EK. La morphologic dc Pansc dc PAiguillon, Bull. Ass. geogr. 

frani,~ats^ no. 246, Dec. 1954, pp. i57-^5> ^ud Bull. C.O.E.C., 
Vol. 7, .Mar. 1955, pp. 103-18. 

North Sea Marshes 

See publications of Godwin, Steer'-, Pdclmar Tavernier, Dubois. 

A. GUILCHER. La formation de la mcr du Nord, du Pas-de-C* tais ct des 
plaines maritimes cnvironnantcj* gcog. Lyon, Vc 26, I 95 i> 

pp. 311-29 (summary with rcfcrenvCsV 
C. A. EDELMAN. Soils of the Netherlands, Amsterdam, 195 ^- 

147 



COASTAL GEOMORPHOLOGY 


TAVERNIER, fivolution dc la plaine. maritime beige. Bull, Soc, beige de 
gioly Vol. 56, I 947 > PP- 332 - 43 - 

Les formations quatcmaires dc la Belgique en rapport avcc revolution 
morphologique du pays, ibid., Vol. 57, 1948, pp. 609-41. 

H. GODWIN. Fenland pollen diagrams . . .5 Phil. Tram. Roy. Soc., 
London, ser. B, Vol. 230, 1940, pp. 239-303. 

The origin of roddons, Geog. J., Vol. 91, Mar. 1938, pp. 241-50. 

L. M. j. u. VAN STRAATEN. Quclqucs particulatites du relief sous-marin dc 
la mer des Wadden, Scdim. et Qua tern., 1949. 

Texture and genesis of Dutch Wadden Sea sediments, Third Intern. 
Congr. Sedimcntol., 1951, pp. 225-44. 
j. VAN VEEN. Tidal gullies in youngest peat layer of Groningen, ibid., 
pp. 257-66. 

J. F. GELLERT. Das Aussenelbwatt zwischen Cuxhaven-Duhncn und 

Scharhdm, Pet. Mittcil., Vol. 96, 1952, pp. 103-9 (good map of 
Elbe mouth). 

c. SCHOTT. Die Westkiiste Schleswig-Holsteins. Probleme dor Kiistcn- 
senkung, Schriften Ijcog. Inst. Uriiv. Kiel. Vol. 13, no. 4, 1950. 

K. HANSEN. Preliminary report on the sediments of the Danish Wadden 

Sea, Aieddelelser Dayisk Gcol. Forening., Bd. 12, Heftc i, Copen- 
hagen, 1951* 

B. JAKOBSEN. Thc tidal area in south-western Jutland and the process 
of the salt marsh formation, Geogr. Tidsskrift, Vol. 53, 1954, 
pp. 49-61. 

Tropical Marshes {Mangroves) 

J. H. DAVIS JR. The ecology and geologic role of mangroves in Florida. 
Papers Tortuga labor., Vol. 32, Carnegie Inst, of Washington, 
publ. 517, 1940, pp. 303-412. 

J. C. LINDEMAN. The Vegetation of the Coastal Rcgiofi of Suriname. 7 'hesis 
Utrecht^ I953- 

L. BERTHOIS and A. GUILCHER. La plaine d’Ambilobe (Madagascar), 

Rev. geomorph. dynam., Vol. 7, 1956, pp. 33-52. 

Ebb and Flood Channels; Bottom Forms 

J. VAN VEEN. Eb-en vloedschaar systemen in de Nederlandse gctijwaieren. 

Waddensymposium, Tij. Kon. Nederl. Aard. Gen., 1950, pp. 42-65. 
A. H. W. ROBINSON. The submarine morphology of certain port approach 
channel systems. Inst. Navigation, Vol. 9, Jan. 1956, pp. 20-46. 
R. VENET. £tude des ridens de la Loire, Bull. C.O.E.C., Vol. 4, Mar. 1952, 
pp. 104-7. 

p. BALLADE, op. cit., (minor beach forms). 

Methods of Measuring Sedimentation 
STEERS. cit., pp. 525-35- 

NIELS NIELSEN. Eine Methode zur exakten Scdlmcntationmcssung . . ., 
Det Dartske Videnskabemes Selskab., Biologi^ke Meddcleher, XII, 
4 . I 935 > 98 pp. 


148 



COASTAL FEATURES RELATED TO SEA ACTION 

A. GUILCHER and L. BERTHOis. Cinq annces d’obscrvations s^dimen- 
tologiques dans quatre cstuaircs-icmoins dc I’Ouest de la Bretagne, 
Rev. giomorph. dynam., Vol. 8, 1957, pp. 67-86 (extensive 
bibliography). 

Maps and charts: Marshes c»n French coast; sheet, i /8o,ooo, Fontenay le 
Comte. English, Wash, and Fcnland district: British 1 763,360, 
no. 124. Morfa Harlech and Morfa Dyffryn; 1/63,360, no. 116. 
West Friesland: Admiralty Chart no 3761. 

Also numerous i /25>ooo coastal maps Germany and the Low 
Countries. 

Estuaries: Admiralty charts 120 (Mouth of Scheldt), 192 (Maas), 
French chart 3165 (Morbihan). 

English map 1/63,360, no. 180 (Solent). 

Tidal channels in marshes: French West Africa, i /20o,ooo Ziguin- 
chor sheet. Morocco, 1/50,000 Oualidia-Sidi Moussa sheet. 

DELTAS 

General; Tidal Deltas 

GILBERT. Topographic features . . ., 1885, pp. 104-8. 

GULLIVER. Shoreline topography, pp. 224-32 (for classification and many 
figures). 

G. R. v.KiiUNLU. Die Deltas, Ergzh. no. 76 7 U Pet. MitteiL, 1878. 

TWENHOFFL. Principles . . ., 1950, pp. 102-18. 

KUENEN. Marine Geology^ pp. 324-30 (tidal deltas). 

JOHNSON. Nciv England^ p. 349 (tidal deltas). 

j. VAN VEEN. Thesis cit., 1936, and Tijd. Kon. Med. Aard. Gcn.y 1950, art. 

LhVLQUE. op. Clt. 

The Mississippi Delta 

II. BAULIG. La vallee ct Ic delta du Mississipi, Ann. de. gthg., Vol. 58, 
1949. rr- 220-32,and 325’34. 

II. N. FISK and others. Sedimentary framework of the modern Mississippi 
delta, J, Scdini. Petrol. ^ Vol. 24. to<’ 4, pp. 76-^ v 

L. w\ STORM. Resume of facts and opinions on sedin: ration in Gulf 
Coast Region of Texas and Louisiana, Bull. A?ner. Ass. Petrol. 
Gcol*.y \o\. 29, 1945, PP- 1304-^S, bibl. 

F. p. SHEPARD. Marginal sediments of Mississippi delta, Bull. Atncr. Ass. 
Petrol. Geol.y Vol. 40, 1956, pp. 2537-623 (see also scruton, 
ibid., pp. 2864-952). 

J. P. MORGAN. Mudlumps at the mouths of the Mississippi river, Coastal 
Engineerings Proc. 2 nd Conf.^ 1951 i^publishcd I 052 \ pp. i3C>-44- 

The Rhone Delta 

L. FRAN(;’ors. Evolution dcs cotes de la Camargue, Etudes rhodan., Vol. 13, 
1937. pp. 71-126. 

c. DUBOUL-RAZAVET. Contribution a ) "ude gcologique ei sedimento- 
logiquc du delta du Rhone, Afem. ^oc. geol. Prancey\o\. 35. no. 76, 
1956 (thesis Paris). 


149 



COASTAL GBOMORPHOLOGY 


c. KRViT. Sediments of the RbA^e delta* The Hague, 1955 (thesis 

Cronins'^)* 

Danube Delta 

I. GH. PETRESCU. Lc dcIia maritime du Daniibc* Son dvolutton phy&ico- 
g<3ographique ct Jes probities qui s*y posent. Am. sciennf. Ufnr 
J 7 aw>s 2nd sccy (Sc. Nat.), Vol. 31, 1948, pp. 254-303 (good 
summary of recent work). 

G. VALSAN. Nouvellc hypoiWsc sur lc delta du Danul>c, C.R. Con^r. mt 
gdog.y Varsiwic, 1934, Vol. II, pp. 342 - 53 - 

The Rhine- Meuse Delta 

EDELMAN. Soils of the Netherlands, op. cit. 

j. s. VFENENBOS. De BodcjtigesuUhciJ lan het (jchud tuswn Icmnur 
Soordoost Polder, The Hague, 1950 l:nglish summar\ 

W. J. VAN LihRE. De Bodcfngesteldheid t JH hi,t XWstUttd, 'riu* Hague, i()4S 
(English summary;. 

Fossil Delta 

O. T. JONES. The buried channel of the Tawc valley near Viustaue, 

Glamorganshire. (Juatt.J. (Jeol. Soe., Vol. 98, 1942, pp 61-SS. 

Tropical Deltas 

J. TRICART. Aspects geomorphologiques du delta du wSciiegal, Rn. 
geomorph. dyn , Vol. 7, 1956, pp. 6S-S6, and Ihtll lOs 
frangatSy nos. 251-2, 1955. pp. 9S-IX"'. 

L. BERTHOIS and A. GL’ILCHLR. l.a pLunc d’.Ainhilobc, op sir see 
mangroves). 

Periglacial Deltas 

P. GEORGE. U.R.S.S., Haute Aue, Iran, Pans, 194-, pp. 182-3 
Charts and Maps: French Charts, no. 5482 ' Vilame river , 5116 and si so 

(Rh6nc; in conjunction with i 80,00 .> land map, Arles-I.a C'A)ur- 
onne). 

Admiralty Charts, 823 Hrawaddy,, 859 .Ganges , 2630 Nile , 
and 3382 (Mississippi;, 

CORAL REEFS 

Definition 

F. STEARNS MACNEIL. Organic reefs and banks and associated dctrital 
sediments, Amer.J. Sci.y Vol. 252, 1954, pp. 3S5-401. 

In order to get a good grasp of the problems invoUed it is necessary to 
read regional or local studies, such as the following: 

J. STANLEY GARDINER. The Fauna and Geography of the Maldivc and 
L ^cadive Archipelagoes y Cambridge, 1903. 

AL. AGASSIZ. The coral reefs of the Tropical Pacific, Mem. Mus. Compar. 
Zool. H award y Vol. 28, 1903. 

The coral reefs of the Maldives, ibid., Vol. 29, 1903. 

150 



COASTAL FEATURES RELATED TO SEA ACTION 

PH. H. KOENEN. Geology of Coral Reefs (Snellius expeditkm in the Nether- 
lands East Indies), Utrecht, 1933. 

j. H. F. UMBGROVE. Coral reefs of the East Indies, Bull. Geol. Soc. Amer., 
Vol. 58, Aug. 1957, pp. 729-77. 

j. A. STEERS. The coral cays of Jamaica, Geog. J., Vol. 95, Jan. 1940, 
pp. 30-42. 

RH. w. FAIRBRIDGE. Recent and Pleistocene co/al reefs of Australia, 
J. of Geol.y Vol. 58s July 1950, pp. 330-401 (extensive bibliography). 

Great Barrier Reef expedition, 1928-1929 (6 vols., 1930-40). 

K. o. EMERY, J. L. TRACEY, and H. s. LADD. Geology of Bikini and nearby 

atolls, Geol. Surv. Prof, Paper 260 A, Washington, 1954 (very 
accurate and coloured charts of atoll lagoons). 

Atoll Research Bulletin, Pacific Sci. Board, Washington (published since 
Sept. 1951; many local studies in the Pacific). 

H. T. VERSTAPPEN. The influence of climatic changes on the formation of 
coral islands, Amer. J. Sci., Vol. 252, 1954, pp. 428-35 (and: 
Djakarta bay. The Hague, 1953, Thesis Utrecht). 

A. GUILCHER. Gcomorphologie de rcxtrcmite !s"ord du banc Farsan, Mer 
P ^Mge, Atm. Inst. Oceanogr., Vol. 30, 1955, PP- 55-100. 

Ai^iuuc gL miorphc ’ gique dcs rccifs coralhens du Nord-Ouest de 

Madagascar, ibid., Vol. 33, 1956, pp. 65-136. 

L. E. NUGENT JR. Coral reefs in the Gilbert, Marshall, and Caroline Islands, 

Bull. Geol. Soc. Atncr , Vol. 57, 1946, pp. 735-79. 

H. S. LADD and J. E. HOI I .MLISII R. Gcology of Laii, Fiji, Bernice P. Bishop 
Museup", Honolulu, 1946. 

H. T. STEART " Gcolog>' ( 4 ' ihc Wallis Isla^^ds, Bull. Geol. Soc. Amer., 
Vol. 50, 1945, pp. 849-^0. 

Borxni^^: for supplementary details and reference to the literature, see 
Hmery, Tracey, and Ladd, op. cit., I9>4, pp. 80-4 and 135-9. For 
geoph>sjcal sounding methods, see bibliography in Chap. VI of 
present work, and C, B. Oflicier, M. Hwing, P. C. Wucnschel, 
beismic-refraLiion mcasuremcn:- m the Atlantic Ocean, IV: Ber- 
muda, Bermuda Rise and Xares ^”m. Bull. C. Soc. Amer., 
Vol. 63, Aug. 1952, pp. 777-808, and H. S. Ladd ^undation of 
Lniwetok atoll, ibid., Vol. 63, Dec. 1952, p. 1273. 

Theories and General Syntfu^'f.s 

Shepard’s and Kuenen’s wi^rks contain good coapters on reefs. Reference 

should always be made to. 

C. DARWIN. The Structure and Distribution of Coral Rtefs. London, 1842 
and 1874, New York, 1S89. 

The chief authority now: 

w. M. DAVIS. The co.al reef problem, Amer. G.og. Soc., spec. publ. no. 9, 
1918. 

also: 

J. D. DANA. On Coral Reefs and Islands, ..^ew York, 1S53. 

Corah and Coral Islands, New York, 1872, 1S74, 1890. 

151 



COASTAL GEOMORPHOLOGY 

R. A. DALY. The Changing World of the Ice Age, Yale Univ. Press, 1934. 

Coral reefs: a review, Atner.J, Sc,y Vol. 246, 1948, pp. 193-207. 

For an account of theories at the end of the nineteenth century, see Davis 

and Caullery, Les r^cifs corallicns, Ann. de Gdog.y Vol. 9, 1900, pp. 1-16 

and 193-210. ‘ 

j. E. HOFFMEISTER and H. s. LADD. Thc foundations of atolls: a discussion, 
J. of Geol., Vol*. 43, 1935, pp. 653-65. 

A criticism of thc Glacial-Control theory, ibid., Vol. 44, 1936, 

pp. 74-92. 

The antecedent-platform theory, ibid., Vol. 52, 1944, pp. 388-402. 

H. T. STEARNS. An integration of coral-reef hypotheses, Arncr. J. Sc.y 
Vol. 244, 1946, pp. 245-62. 

PH. tf. KUENEN. Two problems of marine geology: atolls and canyons, 
Kon. Nederl. Akad. Wetens.y Afd. Naturk., tweede sekt., DL. 
XLIII, 3, 1947, pp. 1-69. 

c. M. YONGE. La forme des recifs de corail, Endeavour, Vol. 10, no. 39, 
1 95^5 pp. 1 36-44 (hifiuence of environment). 

F. STEARNS MACNEIL. The shape of atolls, an inheritance from subaerial 
erosion forms, Amcr.J. Set., Vol. 252, 1954, pp. 402-27. 

Illustrations and Maps: coloured plates alone can give an idea of the 
appearance of reefs, though they are not indispensable for an 
understanding of shapes. The following are well illustrated in 
colour: 

T. A. STEPHENSON. Coral Reefs, Endeavour, Vol. 5, no. 19, 1946, pp. 96- 
106 (the first and last plate reproduce very clearly thc colours of 
a sandy bottom, reefs, and deep water). 

J. Y. COUSTEAU. Fish men explore a new world undersea, National Gcog. 
Magaz., Vol. 102, 1952, no. 4, pp. 431-72 (beautiful submarine 
photographs of Red Sea corals). 

Thc only interesting maps of reefs are naval charts. Sec, for example: 
• % 

French charts, nos. 3531 and 3806 (New Caledonia); 3577, 4960, 5267, 
5878 (Tuamotu). 

Admiralty charts: 346, 347, and 348 (Queensland Barrier Reef); 2983 
(Funafuti atoll); 66 A, 66 B, and 66 C (Maldivc’s^ faros); 731 
(Gilbert atolls); 321 and 322 (Farasan Bank, Red Sea). 


152 



Chapter IV 

CLASSIFICATION OF COASTS 


Having dealt with the forms produced by the sea, wc may now proceed 
to the problem of the classification of coasts, in which we shall have 
to take into account also the ‘initial’ (Gulliver; or ‘primary’ forms 
(Shepard),* which arc, of course, not of marine origin. 

Coasts, on which the majority of forms are of the type described in the 
previous chapter, have obviously been strongly subjected to the in- 
fluence of the sea. The length of time required for a coast to obtain 
such a strong marine imprint varies with the nature of the rocks, the 
height the coast, and the degree of activity of the marine processes. 
Each ‘initial’ type evolves into a ‘sequential’ form. The initial types will 
be therefore described and brief indications given of the modifications 
which the sea causes in each case. An examination of coastal evolution 
in general is given in Chapter V. 


A. RIA COASTS 

Rias may be defined as 'river systems partly or wholly flooded by the 
sea. The degree of drowning depends on the magnit^" of the move- 
ment of base-level and on the altitude of the source c he river. The 
subaerial origin of rias is demonstrated by the occasional existence of 
incised meanders as on the Aulne at Landevennee in ^he Rade de Brest. 
In our opinion, it is not ncccs:jary, however, to restrict the term rias to 
deeply incised drowned valleys: we may, for example, use the term ria 
for Chesapeake Bay, and the drowned valleys between Pont-l’Abbe and 
Pcnmarc’h in south-west Brittany. Ria coasts include then all those pos- 
sessing a great number of flooded river valleys. The relation of the total 
length of the coast to the length of a smooth line through its headlands 
is, therefore, very high. Usually flooding is the result of the ?landrian 
transgression, but may also result fro. subsidence, especiaJy in the 

* Initial seems to be much better than pnmary. 
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Pacific islands^ as for example in New Caledonia according to Davis. 
The characteristics which distinguish ria from fjord coasts will be 
examined later. 

Ria coasts are widespread. Those of Brijttany, where the ria is often 
called an aber^ are well known from the articles of dc Martonne 
(Fig. 19 a). Those of Galicia and Shantung arc equally well known. But 
similar coasts also occur in south Cornwall, south Wales, south Ireland, 
south China, Korea (Fig. 19 c), between New York and Washington, 
at the mouths of the Gambia, Casamance and adjacent rivers of Portu- 
guese Guinea, beween Cameroon Bay and the mouth of the Gabon, on 
many Pacific islands such as north-cast New Guinea, New Caledonia, 
Moorea, Huahine, Raiatca, and Tahaa in the Society Islands, and in 
the vicinity of Sydney. 

The bays and headlands of ria coasts evolve somewhat diflcrcntly. 
The bays are in reality^ estuaries and subject to typically estuarine 
deposition of mud and consequent evolution of marsh and tidal channels, 
and, in tropical regions, mangrove swamps. Deltas arc sometimes formed 
when much sediment is brought in by river. Examples of very advanced 
silting are provided by the Gambia, Casamance and adjacent rivers. 
In Tahiti silting is almost complete. This evolution involves the de- 
crease in size of the channel, which has been caused by submergence 
and hence is too wide for the inflowing streams. 

The headlands tend to be clilfed, but as the Flandrian transgression 
is so recent the cliffs are often no more than small notches at the base 
of the old valley sides. These notches usually, but not always, occur in 
exposed areas; some occur inside the bays, where the latter are at least 
150 to 200 m. wide at high water. In these bays therefore there is 
erosion at high water level and muddy sedimentation lower down. 
This is the case in Brittany, where the pcriglacial deposits forming the 
slopes are cliffcd in all the rias. 

The principal change affecting drowned coasts is the formation of 
sand or shingle spits of various ty'pes, either at the mouths of the rias 
or bettA’ecn their mouths and their heads. Bay-mouth bars on the cast 
coast of the United States are w'cll known, e.g. Cape Hatteras; in 
Brittany, the V-shaped spit of Moustcrlin south of Quimper dams the 
small rias of the Fouesnant region (Fig. 7 A and b). Although such 
forms smooth out the general plan of the coast, they also increase its 
length as long as the lagoons behind the spit are not infilled. As the 
lagoons are filled up a marsh is formed, as in the south-east of the 
United States. 
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MG. 19 RIA COASTS 

A. Lower part Odet ria, Brittany, ba^cJ on French marine chart 5368. 
Note scour ludes, deposition at mouth ot estuary and distribution of 
sediments at the sides of the ria. B, W'est coast of New Caledonia in 
21 50' S., based on French marine chart 3806. Estuaries partly cut off 
by (iisconlinuous barrier reef and silted up. Mud is spreading ^>n to the 
fringing coral reef. c. South-west coast ot Korea in 34 4^ N. after 
Admiralty chart 3392, which is based o* Japanese charts. Note typical 
drowned coast, extent of mud-flats, violence ot tidal currents in straits, 
•tnd numerous scour holes. All heights and depths in metres. 
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In coral regions, the function of these spits is taken over by the 
barrier reefs which have grown up during submergence. The Pacific 
islands mentioned above usually have barrier reefs, especially New 
Caledonia (Fig. 19 b). The inner ihore oft^n has a fringing reef, which 
may extend some way into the rias if the streams flowing into them 
bring little alluvium,, so that silting is, for some reason, either unim- 
portant or absent. 

A special type of ria is the sherrtu found on both coasts of the Red Sea 
(Fig. 20 a). They are long bays with a narrow entrance, cut in the low 



FIG. 20 SHERM AND DROWNl D 1 UNNFL-VALI EY 

A. Port Sudan sherm (after Rathjens and von VC'issinann, I933\ 
Depths in metres, b. Drowned tunnel-valley at Manager, in North 
Jutland, in 56^ 40' N., 9 50' E. (after Schou, Atlas of Denmark, 1949; 
The black arrow points seawards and the white arrow gives the direction 
of flow of meltwater in the Ice Age. The lateral ravines, which are not 
drowned, are post-glacial. All heights and depths in feet. 

coastal plains, and often widening or branching within. Some, for 
example the Ubhur sherm 27 km. north of Jeddah, have the appearance 
of drowned meanders; the depth, which is usually several dozen metres 
at the entrance, decreases gradually towards the head. There is not 
always a wadi at the head of the main arm, and often none at the heads 
of the branches. They arc excellent sites for harbours; e.g. Suakin and 
Port Sudan. 

It is nbt certain that sherms are rias in the genetic sense of the term. 
The hypothesis is tempting when they meander and continue the line 
of a wadi. But as they arc bordered by slightly raised coral reefs and as 
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coral still lives in those where harbour works have not prevented it, 
Rathjcns and von Wissmann have suggested that they were bays en- 
closed by the growth of coral, the general direction and branching of the 
sherms being caused by stn/ctural control. This interpretation, which 
was suggested by the analogy with the bottle-shaped bay of Farsan 
ICebir Island in the Red Sea, is put forward with SQme reserve. Perhaps 
there are sherms of both tectonic and ria type. Even in the latter 
tectonic effects may be important, as suggest^ d by Schmidt. 

B. FJORD COASTS 

Fjord coasts like ria coasts arc fundamentally due to submergence, 
since fjords arc glacial valleys flooded by the sea. However, fjord coasts, 
like many glacial coasts, have undergone a post-glacial isostatic uplift, 
which in certain places such as the west coast bf Norway was certainly 
greater than the Flandrian transgression, so that such coasts arc, in one 
sense, emergent coasts. They are, however, predominantly submergent 
in form, because the glaciers which occupied the present fjords were so 
thick that they could not float in the sea until they reached deep water. 
In Norway, if we assume that the extent of the Flandian transgression 
w’as 100 m., and the isosiatic movement of the land at least 200 m., the 
glaciers had every chance of deepening their valleys hundreds of metres 
below the present uplifted pre-Flandrian Lvel. These facts satisfactorily 
account for the enormous depths found in certain fjords, the greatest 
being in the Sognefjord ( 1,244 m.), in the Messier channel in 

Patagonia ( 1,292 m.),^ and Scorcsby Sound in Greenland (about 

1,300 m.). Fjord coasts were formed by valley glaciers cutting down 
well below' sca-lcvel and drowned, not 1 } the Flandna- "ransgression, 
but by the disappearance or shrinking of the glaciers. 

We must define fjords, because all valleys in glaciated regions, even 
hilly ones, arc not fjords, neither are submerged closed depressions 
proof that the valley is a fjord. 

There arc true rias, that is drowned river valleys, in formerly glaciated 
areas: for example in Wales, and the south of Ireland, The mouths of the 
Towy in C^armarthenshire, the Conway, north of Snowdon, and the 
Cork river arc rias. In these regions there are no n'pical glacial erosion 
forms, either because the glaciers w'crc insufficiently powerful or, more 
generally, because the pre-glacial valleys were not sufficiently ' leepened 
by rejuvenation to lend ihcrnsclvcs to th formation of glacial troughs. 
A youthful or rejuvenated relief is, therefore, essential. Johnson has 
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Scandanavian authors, is that of the StrandftaL This is (Fig. 21 b) a 
coastal platform, varying from a few kilometres to 60 kilometres in 
width, on the Norwegian coast, especially in the west and north-west 
and ending abrupdy inland against the mountains. It is partly below 
and partly above water and includes the innumerable reefs of the 
skjaergaard. Nanset) distinguished three levels: + 30 to -|- 40 m., 
f- 15 to 4-18 m.; and about 10 m. It is crossed by channels, which 
are the continuations of the fjords. The depth of these may reach several 
hundred metres but is never as great as in the great inner deeps of the 
Sognefjord. The cross-section of these channels is the same as that of 
glacial valleys. Strandflats also occur in Bear Island, Spitzbergen, 
Iceland, and west and south Greenland (Nansen, O. Holtedahl, 
Werenskiold, Hjulstrom). The strandflat appears therefore to be a form 
frequently associated with fjord coasts and not one peculiar to Norway. 
Ahlmann (1919) considers the Norwegian standflat to be an old sub- 
aerial peneplain of earlier date than the trough-like channels which 
cross it. Nansen, on the other hand, thought it to be a coastal surface, 
pardy initiated by the ice-foot (pp. 25-6) and later developed by the 
action of waves in its exposed parts. It is thought to be later than the 
troughs which cross it, since it continues as a shelf or bench inside the 
fjords, notably in the Sognefjord and the Hardangcrf jord. It would have 
been modified and possibly extended during the interglacial periods, 
especially during the cold periods immediately preceding each advance 
of the ice. The three levels of the strandflat may thus correspond to 
various periods of modification and, according to Nansen, suggest that 
there were three interglacial periods in Norway. In the glacial periods 
the strandflat would have suffered some erosion and partial destruction. 

More recently (1946) E. Dahl has proposed a different explanation. 
The existence of a relict alpine flora in Norw'ay suggests that the 
Fennoscandian ice-sheet did not cover all the coastal regions of Non\’ay. 
The summits of the Lofoten Islands were above it, because the thick- 
ness of the ice there was reduced by the rapid flow caused by the break- 
ing off of icebergs along the neighbouring continental slope. Comes 
developed, and ultimately produced a smooth surface as their recession 
destroyed the highlands: this surface is the strandflat. Farther south, 
where the continental shelf is wider, the strandflat was produced by the 
ice-sheet smoothing out areas, already partly disscacd by come 
glaciatidb. But this explanation did not receive universal acceptance 
in Norway, and in 1955 H. Holtedahl produced morphological evidence 
against Dahl’s botanical arguments. 
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The fact that strandflats are characteristic only of fjord coasts, seems 
to mean that their formation ought to be attributed in large part to 
glacial or periglacial processes, but perhaps also to others, as Hjulstrom 
has suggested for south-east Iceland. 

Since the ice retreated, fjord coasts have been only slightly modified 
by marine or river action. Small alluvial plains haye been formed at the 
heads of the fjords, e.g. in the west of Scotland, if wc may assume that 
these arc true fjords. Icc erosion continues at sea-level, where freezing 
is still common. But the filling up of fjords is very slow, for they are 
much deeper than rias. 

C. GLACIAL LOWLAND COASTS 

Glacial plain coasts may be emergent coasts, as in Sweden, where the 
post-glacial isostatic rise still continues; but they may also be coasts of 
submergence where the relief, due to glaciation, has been drowned by 
the Flandrian transgression and the melting of the ice-sheet, which has 
been replaced by the sea. In Sweden we may speak of submerged 
glacial topography now in process of emergence. 

These coasts are as intricate and characterized by as many islands as 
the fjord coasts. They arc morphologically much more varied because 
they have in juxtaposition so many glacial accumulation forms: terminal 
moraines, drumlins, outwash plains, proglacial channels, subglacial 
valleys, eskers, kames, and kctileholes. Finally, the glaciation of a low- 
lying peneplain may produce subdued structural landforms. The 
relative dominance of each of these forms gives a distinct appearance to 
the coast. 

In New England Johnson has noted characteristic types. Two 
terminal moraines parallel to the gene: cl trend of tr coast in the 
Nantucket and Cape Cod region have lagoons behind the. i. The drum- 
lins of Boston harbour tend to give rise to oval islands and peninsulas 
(Fig. 26 a). Outwash plains arc marked by broad lobes cut by old 
slightly-incised, proglacial channels, which have been drowned by the 
sea, as at Manila’s \"ineyard (Fig. 26 b). Eskers appear as sharp points, 
as at WejTOOUth. Kettlcholes form small enclosed bays in the neigh- 
bourhood of Cape Cod. 

The same forms recur on the cast coast of Hudson Bay where a 
slightly uneven peneplain dips gently under the sea. The^ coast is 
bordered by numerous low’ islands. Similar conditions occi r in the 
north of Labrador, and in other Arctic a gions of Canada. The Baltic 
area is extraordinary rich in this respect, e.g. m Finland, Sweden, where 
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the channels are called fidrds (Fig. 21 c), Poland, Germany, and Den- 
mark. In these last two countries there are forms similar to those of 
New England as well as coasts with drowned subglacial valleys, or 
fdhrderiy which were orginally cut by subglacial torrents flowing towards 
the south, south-west, and west (Fig. 20 b). The bottoms of ihtfohrdcn 
are flat and may exceed i km. in width, while the valleys are sometimes 
incised to a depth of more than 100 m. The slopes are steep and contrast 
sharply with the evenness of the moraine plateaux. The essential 
difference between fdhrden and fjords hes in the shallow depth of the 
former and the absence of closed deeps. 

The isostatic rise of the land has often left a succession of old shore- 
lines, which add another element to the landscape (Chapter II). In 
Denmark the low dead cliff of the Littorina sea commonly occurs just 
behind the present shore. Raised beaches arc more numerous farther 
north in Scandinavia, but they are not peculiar to glacial lowlands, for 
they may be found on fjord coasts. 

An extremely interesting example of the complexity which can occur, 
is provided by the Stettiner Haff, which has been thoroughly studied 
by Braun and Uhden (Fig. 21 D1-D3). This Half is situated in a basin 
formed to the south of the recessional moraine of the Baltic ice-sheet, 
when the latter was in the region of Usedom and >X^ollin islands. The 
moraine still forms a part of the land enclosing the Haff. The melt waters 
then flowed southwards, by channels which arc now abandoned or 
almost abandoned valleys (Uccker and Randow). The basin occupied by 
the Haff has been partly filled with fluvio-glacial waste, then by the sand 
terraces of the pro-glacial valleys, and finally by wind-blown sand. It 
was then invaded by the Littorina sea, and a system of spits w’lrh 
recurved ends construaed by the sea. These have now’ completed the 
enclosure of the Haff near Swincmiinde (Sw’inioujscic). 

The Stettin Haff leads us to the evolution of a glacial low'land 
coast as a result of marine action. This evolution has reached a 
more advanced stage than that of the fjord coasts since the deposits arc 
unconsolidated, easily attacked, and redistributed by the sea. In both 
North America and the Baltic, glacial lowdand coasts show rapid evolu- 
tion and a remarkable development of spits of all kinds. Examples as 
good as those near Swinemiinde arc found on the Zealand coast, 
described by Schou, and on the American coast at Nantasket and Cape 
Cod, stifdicd by Johnson and Davis. As the moraines arc eroded, the 
fulcrum of the spit disappears and the older beach ridges arc eroded by 
the sea. There are no better places in the world where one may sec and 
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appreciate the trend of shoreline evolution. This evolution undoubtedly 
leads to a simplification and straightening of the shoreline (see Chapter 
V, pp. 180-2). 


D. UNGLACIATED LOWLAND COASTS 

Unglaciatcd lowlands have regular shorelines and thus contrast with 
glacial lowlands. They are diversified only by estuaries and deltas, in 
the evolution of which the sea plays a part. As a result, sequential forms 
(sec Chapter III) predominate, so that little need be said about them 
here. The Mandrian transgression has affected all these lowlands. 
Where deposition is aciu e on these coasts, the construaive action of 
the sea may lead to the building of offshore bars and other features; if a 
marked submergence affects them, it is usually the result of subsidence. 
In the Flemish and Dutch plains, deposition roughly balances subsid- 
ence and there is approximate stability. 

The characteristic form of this type is the offshore bar enclosing a 
lagoon behind it. Examples occur in Languedoc, on the north coasts of 
the g’'!:s Mexico and (luinca, and, on a smaller scale, in the Harwich 
area north of the Thames estuars'. The coast of Gascony is of the same 
type, but has reached a later stage of evolution. 

Unglaciatcd lo\\land coasts are often marshy coasts, the marsh lying 
either behind an offshore bar and being caused by silting of the lagoon, 
or at the edge of the sea, e.g. the marsh of Dol near Mont-Saint- 
Michcl. The best coasts of this kind are along the North Sea coast from 
Flanders to Jutland, and in Texas, but others are found in Guiana, and 
in the cast of Madagastvar, especially near Tamatave, where they are 
prograded seawards by the construction of successive ^ ^'Pch ridges. 

Pcriglacial lowland coasts occur mainly on the Arctic . sts of Siberia 
and America and are remarkable for their deltas which are drastically 
changed by 'each annual flood (p. 113)'. They only d-^velop in summer, 
because the sea and ri\e^^ are frozen durins: the rest of the year. On 
the north coast of Alaska blocks or masses of tundra, bounded by 
vertical icc-wcdgcs, break olf partly as a result of marine action, and 
panly through the melting of the ice. 

E. COASTS DOMINATED BY STRL'CTURE 

In the ria and fjord coasts, structural influences often greatlv Effect the 
outline of the coast. It may not be easy u decide whether the character- 
istics arc due 10 submergence or to structure: the Rade dc Brest is a 
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typical ria coast, but the rias follow beds of soft rocks. In other cases 
struaural influences are so important that they are the only possible 
basis for classification. We shall separate coasts with longitudinal, 
transverse, oblique, arcuate, rectangular, apd discordant structures. In 
some of these types direct and indirect structural effects and litho- 
logical effects may b^ distinguished. Finally, we shall consider volcano 
coasts. 

Coasts with longitudinal structure 

These coasts may be called Pacific or Dalmatian, but they are not 
abs 'nt from the coast of the Atlantic. 

Direct tectonic influences. If one agrees with Bourcart and jessen 
(Chapter II), the great majority of coasts would have to be considered 
of this t>"pe, since their outline woifld be determined almost evcry'whcre 
by tectonic movements parallel to the coast. Even if one does not adopt 
these \’iews, it must be admitted that direct tectonic cfl'ccts often pro- 
duce coasts where the component parts of the coast are parallel to the 
coastline as a whole. 

The simplest type is the coast formed by a recent fault, especially if 
the fault scarp is rectilinear. Remarkable examples are found in the 
Gulf of California, particularly on the south-west of the island of 
Angel dc la Guarda (Fig. 22 a), w'hcre the escarpment is continued by 
steep submarine slopes leading to a trench with a flat bottom at a depth 
somewhat in excess of 1,000 m. In the same region, another example is 
provided by the west coast of the island of Santa Cruz (Shepard). 
Cotton has described examples of this type in New Zealand, notably 
at Port Nicholson near Cook Strait. The coast of Queensland also 
appears to be of the same type in many places: the Great Barrier Reefs 
may be built up on a foundered area at the foot of a fault and limited 
on the east by a similar fault scarp entirely below sea-levol. When tlic 
fault is very recent plunging cliffs may occur. According to Colton, 
these resist erosion because they reflect the waves since there is no 
shallow platform at their foot to cause the waves to break. ^ But the 
presence of plunging cliffs is not in itself proof of a fault-scarp coast: 
they may result, for example, from the Flandrian transgression on a 
coast of high cliffs of quite different origin. The sides of fjords are false 
plunging cliffs of another kind. 

^ The total absence of a platform would therefore have the same effect as a 
very broad platform, which weakens the waves before breaking and consequently 
minimizes their mechanical effect. 
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A recent tectonic movement may be inferred when a shore presents 
certain other abnormal characteristics. According to Cotton, it is 
curious that the Makara river in the Vf'ellington peninsula in New 
Zealand docs not enter the sea in a ria; the Jjnomaly can be explained by 
a recent uplift of the coast near its mouth. 

When a series of faults runs parallel to the coast, upfaulted blocks 
may remain as islands in front of the coast. According to Chardonnet, 
the Provencal coast between Cape Sicie and Cavalaire is of this type: 
fault scarps or fault-line scarps arc presumed to border a large part of 
the continent: other fault scarps appear to form the southern limit of 
the Giens peninsula (formerly an island) and the islands of Porqucrollcs 
and Port-Cros. A coast may be influenced by both folding and faulting. 
Such appears to be the case in southern Brittany between Pcnmarc’h 
and the Vendee (Fig. 22 b ): the islands and archipelagos correspond to 
Tertiar>' anticlines, faulted in several places. The same structure con- 
tinues inland, where the downfaulted parts have been submerged to 
form an aligned scries of inlets; Pouldon Bay (,Pont TAbbc), Kerogan 
Bay (Quimper), Radc de Lorient, Ftel river, Fast Morbihan, Traict du 
Croisic (Fig. 7 c), Briere. 

Southern Brittany reminds us of the classic example of Dalmatia, 
where the longitudinal arrangements of islands and promontories 
correspond to anticlines and the channels and bays, such as that of 
Kotor, to synclines. It is immaterial whether this is simple submerged 
relief or whether, as Bourcarl believes, the anticlines and synciincs are 
still in course of formation. At any rate the coast is very young and there 
are hardly any cliffs, as the sea has had insufficient lime to form them. 

Indirect tectonic and lithological influences. Ancient faults may also 
guide the w'ork of the sea. In southern Brittany, between Concarneau 
and Le Pouldu, crush-zones roughly parallel to the shore have enabled 
the sea to cut the coast into small rectilinear masses (Fig. j c). 

In an old massif of Appalachian-type folds, if the rock outcrops arc 
parallel to the coast, and former river valleys arc drow ned, the relief is 
like that of Dalmatia but of different origin. Good examples of this 
occur near Cork, where the wider parts of the harbour coincide with 
beds of Carboniferous Limestone and the narrow er parts with Old Red 
Sandstone (Fig. 23 a); in north Brittany in the Lezardrieux river which 
is broader in the Plounez schists than in the Plourivo sandstone up- 
stream aiid the Paimpol spilitc dow'nstrcam; and in the Ranee estuary 
at Saint-Suliac and La Villc-es-Nonais (Fig. 23 b). In North America, 
Johnson has quoted very good examples of the same type in the cast of 
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A. Cork Harbour, Ireland. B. Ranee estuary, nortn-cast Brittany, 
c. Long Island cu >ia, New York, and submerged depression (after 
Johnson, 1925). n. Pointe dii Raz and Ch.,ussec de Sein, south-west 
Brittany (alter GuiLher, 1936 and 194S). 
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Cape Breton Island^ where drown^ deprtfttiom occur in soft Carboni 
ferous rocks, but arc nArrowed by crystalline rocks, and along thc^St 
John river before its outlet into the Bay of Fundy; further to the south 
he mentions also the drowned pchpheral depression between the es- 
carpment of Long Island and the mainland (Fig. 23 c). 'I’hus the 
submergence of sca^lands can give the same type of form as the 
submergence of Appalachian relief. 

Transverse coasts 

These coasts may also be called Atlantic coasts. The continciual 
. mictures meet the coast at or very nearly at right angles. 

Direct tectonic effects. Recent folds or faults sometimes affect the 
general trend of the coast. VC'hcre the Great Atlas Mountains meet the 
Moroccan coast the coust projects, while to the south, the Sus syncline, 
which has suflered movement in Late Pliocene times, forms a re-entrant. 
Within the Atlas anticlinorium, the anticlines of Tafelneh and Cape 
Rhir form headlands, which project more sharply on their southern 
sides because the anticlines arc asvinmctrical with steep dips on their 
southern limbs. In Morocco again, abrupt re-entrants south of Cape 
Cantin and Cape Blanc near Mazagan are perhaps due to faults perpen- 
dicular to the coast, the throw to the south-west or south having earned 
that side below sea-level. The promontory of the Chaussec dc Scin 
(Finistere) with its steep northern slope seems to fall in the same 
category (Fig. 23 d). Another example is mentioned by Cotton near 
Napier on the cast coast of the North Island of New Zealand: recent 
folds perpendicular to the shore, some of which arc still in process of 
movement, give rise to cliffs on the anticlines and low coasts on the 
synclines. 

Indirect tectonic and litholof^ical effects. The examples arc comparable 
with those of longitudinal coasts. In the north-east of Nova Scotia 
(Johnson, New England^ p. 41), valleys were cut along major faults 
perpendicular to the coast, and arc now submerged giving rise to long 
estuaries. On the north-west coast of Scotland, Loch Ewe and Loch 
Marce similarly follow an important north-west-south-east displace- 
ment (Fig. 24 b). 

Ireland and west Brittany afford good examples of drowned trans- 
verse structures of Appalachian type: on the south-west coast of Ireland 
the bays rt in the Carboniferous Limestone and the headlands in the 
Old Red Sandstone; on the cast coast of the Radc de Brest the bays arc 
in Middle Devonian shales and the headlands in Lower Devonian 
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FIG. 24 COASTS WITH Ir’ANSNFRSF, OBLIQUE, ARCUATE, OR 
RirTANGUIAR STRUCTURIS 

A. Transverse structure at Casablanca, Morocco. B. Transverse struc- 
ture cm west Scottish cc^ast near Loth Wester Ross. c. Oblique 

structure at CA’»bscook Hay, near Hastport, .Maine v^afiei johnson, 19-5)* 
^'hc rocks are intei bedded shales, sandstones, and volcanics. e. Rect- 
angular structure in north-west Scotland: the north ot the area shouTi 
IS 14 km. south of Cape Wrath. < 
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flagstones and quartzites. In Morocco^ the $khaur^ which arc small 
quartzidc crests orientated north- south on the surface of the Meseta 
form small headlands on the coast near Casablanca, c.g. El Ihnk to the 
west of the town (Fig. 24 a). 

Coasts of oblique structure 

Direct tectonic effects. In Algeria the folds of the coastal ranges run 
north-east-south-west, while the trend of the coast is cast-nonh-cast- 
west-south-west. The result is a scries of oblique headlands corre- 
SDonding to the anticlines or aniiclinoria uiih bays, c.g. Oran, Ai/cu, 
a. d Algiers, in the synclincs, which are well protected from west winds 
by the neighbouring anticline, but completely open to the north-east 
(Fig. 24 c). This is clearly an example of direct tectonic clfects, for many 
of the folds of the Algerian coast have undergone movement in the 
Quaternary and even in modern times. But lithology plays a large part 
in preventing rapid erosion of the anticlines, since they are formed of 
Mesozoic limestones or of old rocks, which are much more resistant 
than the beds in the synclincs. 

In Morocco, old consolidated dunes arc also cut obliquely by the 
shore at FedaJa; oblique headlands correspond to lines of dunes, and 
re-entrants, c.g. the harbour at Fcdala, to the troughs. This is not a 
tectonic cifect, but the result is the same. 

Indirect tectonic and litlwhqical iffctts. Near the Bay of Casco in the 
State of Maine (Johnson, New England^ p. 13), partly submerged 
Appalachian relief runs norlh-cast-south-wcst oblique to the east-north- 
east-west-south-vvest coast. The landforms produced by the great Glen 
More fault in Scotland and the Norwegian co*ast near Trondheim may 
be included in the same class. 

Coasts of arcuate structure 

Occasionally concentric arcuate folds form a series of concentric bays 
connected by straits, as in the flooded Appalachian structures of the 
Cobscook Bay region of Maine (Fig. 24 d) and in similar structures in 
Norway near Bergen. 

Coasts of rectangular structure 

These coasts are common, especially in old rejuvenated massifs: the 
effeas afe, therefore, indirect. It has been seen earlier in this chapter 
that fjord coasts often show networks of intersecting faults which have 
guided river and later glacial erosion. Even though the north-west coast 
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of Scodand may not be a true fjord coast, it is greatly affected by inter- 
secting structural trends, notably between Rhu Coigach and Loch 
Inchard, where alternating north-west-south-east and north-east- 
south-west sections correspond respectively to zones of intrusion or 
shearing in the Lewisian gneiss and the Torriu .nian conglomerates, and 
to faults affecting the same rocks (lug. 24 e). The north-south trend, 
seen to the south-east of Rhu Coigach, is due to faults affecting the 
Cambrian as well. The coast of the Orkneys also provides examples of 
rectangular structure: one such scries of faults has given rise to the 
harbour of Scapa blow. I he south coast of Xorway, near Kristiansand, 
presents an example of the effect of erosion on a very fine network of 
faults in the pre-Cambrian massif. The (iulf of Morbihan, which as a 
whole is part of the longitudinal coast of southern Brittany, shows in 
detail some rectangular features ^aused by small granulitic massifs 
perpendicular to the general strike, e.g. the I ft aux Moines. The coast 
of the Inland Sea of Japan falls in the same class since the general trend, 
according to F. Ruellan, depends on dislocation^ parallel to the main 
longi^’nd' folds, but broad transverse upvvarp^) give rise to headlands 
on the anticlines and bays on the synclines. Finally, the west coast of 
Asia Minor is a very good example of the direct clfect of a rectangular 
structural pattern, c'spccially the Khio>, and Izmir area. 

(\^asts of dis^oydaiit ^triuturc^ or coH!rupo..J cojsts 

Strictly speaking, the Long Lland example already mentioned must be 
classed with coasts characterr/ed by discordant structure, since it in- 
cludes a peripheral depression But most of the coasts in this category 
have unconsolidated deposits such as glacial or peri'^lacial drift, in- 
cluding loess resting on much more rcsi^iunt rocks, bu arrangements 
lend themselves to the formation of contraposed coasts. 

Thus defmed, contraposed coasts chiefly occur in formerly glaciated 
regions and in places where the pcrigladal deposits arc thick, e.g. the 
loess on most of the north coast of Brittany from Dinard to Ploudal- 
inczcau. General and detailed features must often be considered separ- 
ately in classifying them: the coast ot 'Fregorrois and Leon is a ria coast 
in general outline, but a contraposed coast in detail. On contraposed 
coasts the drift usually covers, at least in part, a vcr\’ rugged topography 
in the hard rocks below; thus, the drift vanes greatly in thictoess. In 
north-west Wales near Pwllheli and Aberdaron (pi. VIII R high hills 
of igneous rock emerge from a mantle 01 ^rift. I hese hills, together with 
pre-Cambrian gneiss and Ordovician slate, form the skeleton of the 
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coast while the drift occurs only in the bays. The same thing happens 
in the west of the Gower peninsula where the skeleton is formed of 
Devonian sandstone and Carboniferous Limestone. In Trdgorrois and 
L6on, there is a confused relief of small granite masses covered by loess, 
solifluxion deposits, or weathered rock (Fig. 25 a). Such coasts also 
occur in New England, where they have been studied by Clapp. 

The evolution of this type poses the problem of differential marine 
erosion, which will be considered in Chapter V. The evolution of other 
coasts showing structural effects will also be dealt with in the same 
chapter. 

Voti ano coasts 

According to Shepard, volcano coasts fall into two types. 

Circular or lobate coasts, A volcanic island should have a more or less 
circular or elliptic outline* Many volcanic islands show such forms, e.g. 
Amsterdam and Tristan da Cunha in the southern Atlantic Ocean. 
There are also volcanic peninsulas with similar rounded outlines. 
Islands consisting of more than one volcano may have lobate coasts, 
e.g. Hawaii where Mauna Loa, Mauna Kea, Kilauea, Kohala, and 
Hualalai all form lobes (Fig. 25 b). The most perfect forms arc pro- 
duced by basalt volcanoes as the fluid lava flows regularly in all direc- 
tions, but other t>'pes of volcanoes also produce circular or lobed coasts, 
for example, Mont Pelee, which is responsible for the cur\xd shape of 
the north-west coast of Martinique. 

The coast of nearly circular granite massifs may be included here, 
although the emplacement of the magma is affected in quite a different 
way. If the granite is surrounded by softer rocks the coast is similar to 
that of a volcano: e.g. the Land’s End peninsula in Cornw^all. 

Caldera coasts. The origin of the calderas is outside the scope of the 
present discussion. It is suflicient to differentiate caldera*, due to {a) 
subsidence, (b) explosion, and (c) erosion. The distinction between the 
first two types is sometimes difficult to draw. Flooding of calderas by the 
sea creates a unique type of coast, with very steep slopes rising from a 
central mass of water; where the outer gentler slopes have not been 
destroyed the outer coast may be lobate. 

A very fine caldera coast caused both by subsidence and explosion is 
that of Santorin in the Aegean, which is characterized by extremely 
steep slo{^ on the inner side and much gentler ones on the outer side 
(Fig. 25 c). The small volcanic islands of Palaea- and Nca-Kamcni 
which have been formed in the flooded caldera only affect the picture 
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I IG 25 CON THAI OSLO \ND\OLC^MC ISIWD COASTS 

A C oa^t at 1 il a in Ploustuernc lu, Leon north-west Brittany Exhuma- 
tion ot granite huinmoeks lormin^ rounded headlmds between coves 
excavated in loess and penglaciil deposits and, liter, ^ ^inds B Hawaii 
An island ot basaltic domes ( Santorm in the Aegean a caldera Note 
the asymmetric lorrn with gentler slopes esn the outside (the relief of the 
island IS shown diagrammatiealh'' 



COASTAL GEOMORPHOLOGY 


in detail. St Paul’s Island in the Indian Ocean and Krakatoa afford 
similar examples. The island of Oahu in the Hawaiian group is formed 
of two half-calderas back to back and facing the sea. An example of a 
flooded erosion caldera is provided by Lyttelton Harbour in the Banks 
peninsula^ New Zealand: a broad inner bay is connected with the sea by 
a fairly narrow channel. The bay has been interpreted as an erosion 
caldera by Speight, Davis, and Cotton, and the channel as a large 
barranco. 

Originally, circular or lobate volcanic coasts had no cliff's, the slope 
of the cone continuing under the sea, but marine erosion may soon cut 
cliffs m them, thus breaking the continuity of the slope. At Tristan da 
Cunha the cliffs reach a height of 300-500 m. (lava cliffs arc very often 
vertical). If rivers cut valleys in such cliffs and arc later submerged a 
ria coast is produced. Marine erosion of the inner walls of calderas is 
retarded by the fact that® the waves have a very small fetch unless the 
caldera is widely breached as at Krakatoa. Erosion is extremely variable, 
being very rapid in ashes and tuffs (p. 70), and much slower in rocks 
such as basalts and trachytes. Finally, in coral seas where volcanoes are 
numerous, the growth of coral introduces many complications. 

Coast which do not fall into these classes may be included in those 
chiefly conneaed with marine action, as described in Chapter III: e.g. 
cliff coasts like those of the Pays de Caux and dune coasts. 
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Chapter V 

COASTAL EVOLUTION 


Classic concepts of coastal civlutum. Coavtal evolution results from 
marine agents working upon landforms which initially owe nothing to 
their action; it leads to the development of a sequence of new forms. 
The trend ot this evolution caused by the action of the sea must 
be analysed. It has been universally accepted* since the works of the 
early authorities on coastal morphology, that the sea tends to regularize 
shorelines. Except for coasts Ixirdering extensive unglaciated lowlands, 
all init'il yp-'s of coasts are irregular: rias, fjords, \anous morainic 
forms, and irregularities due to structure all create numerous indenta- 
tions in the shoreline. The work of the sea lends to reduce these inden- 
tations both by eroding the headlands and by filling the bays. In effect 
the refraction of the swell by the shoals (p. i6; causes the wave crests 
to converge on the headlands and to diverge in the bays, at least in the 
common example v^herc the underwater relief offshore continues the 
relief of the adjacent land mass. Ero^-ion of the headlands results in cliff 
formation by processes ajready discussed. The filling up of bays lakes 
place in two ways; partly by direct deposition in the bi\s, and partly 
through the formation of spits, or bay-mouth bars, v :h accelerate 
sedimentation behind them by reducing or preventing the movement of 
water iherem. Once the coast is smoothed out, it retreats inland 
parallel to itself: depo'^itional forms are m fact driven back with the 
rocky headlands to which they are attached, and after a long time, the 
whole coast can recede to the line of the old bay-heads and even beyond. 
This retreat is accompanied by the development of the so-called 
abrasion platform, which should be termed the marine erosion platlorm 
since it is not due simply to mechanical action. There has been consider- 
able discussion whether the coast can be eroded back indefinitely. In 
fact, the feebleness of marine erosion at and below low’ Mde level 
(Berthois) leads one to believe that it caiiuot, unless subsidence occurs 
as w'cll. In marine erosion and shoreline development a balance tends 
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to develop, as Baulig says, between the forces of erosion and the resist- 
ance of the rocks. Modifications continue to occur but ever more 
slowly, for, as erosion proceeds, the efficacy of the forces decreases. 

Verification of the classic concepts. It would not be difficult to verify 
the accuracy of these concepts if sea-level had been stable for a loni; 
time: we could thei\ ignore tectonically unstable regions, and concen- 
trate on stable areas. But this is unfortunately not practicable. Apart 
from minor oscillations, such as the verj^ slight transgression which now 
results from the reduction of the volume of the w’orld’s glaciers and ice- 
sheets, the extensive Flandrian transgression is too recent: its final phase, 
the Ounkirkian, probably took place only about two thousand years 
ago, and it is generally agreed that in the Neolithic period the trans- 
gression was still in operation since certain Megalithic monuments in 
such stable regions as the Morbihan arc now several metres below sea- 
level. All the coasts of ffie world, therefore, were, after the Flandrian 
transgression, in a stage of extreme youth resulting from the submerg- 
ence of subaerial relief. The Flandrian transgression probably restored 
within a few metres the pre-Wiirm sea-level, i.c. the Low Monasiinan 
level. But the sea stood at this level only for a limited period, probably 
longer than it has stood at its present level but not long enough for 
marine forces to have had sufficient time to produce mature forms on 
all the shores of the world. 

It seems, therefore, that the only means of verifying the classical 
concepts, or, to be more precise, the reality of the tendency to rcgulari/a- 
tion which they postulate, w^ould be to consider only those coasts w'hich 
evolve rapidly/ especially morainic coasts: as we have seen (p. 7o\ the 
retreat of such cliffs takes place so quickly that a man's life is long 
enough for changes of several dozen metres to he obscrs'cd. Such 
recession gives the sea enormous amounts of material which may later 
be built up into various constmaional forms. 'Fhe morainic coasts of 
north Europe and New England have been the object of excellent and 
ver>^ detailed studies by Johnson in America and Schou in Denmark, 
who confirm the accuracy of the classical concepts, 'fhree examples 
will illustrate this. 

(a) In the bay of Boston, there is an cast-facing coast with an almost 
regular oudinc in the neighbourhood of Winthrop. It includes beaches 
and curved spits, and drumlins or pans of drumlins to which the con- 
structioiftl forms arc tied. The position of former drumlins on the shore, 
or a little farther seaward, is knowm, thanks to the presence of residual 
boulders. It is therefore possible to reconstruct the shoreline of the 
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period before these drumlms had been planed down by the sea; that 
shoreline was more irregular than the present one (big 26 a) In this 
ease, there has been erosion of the headlands, smootliing-out of the bays 
by the formation of beaches or spits, and a retreat of the whole as the 
erosion of the drumlms continues 

(h) At Martha’s Vineyard, near C^pe ( od, thefc is a long, straight, 
south-facing beach bordering old proglacial c ituash forms fbig 26 b) 



Such lorm‘‘#are sh^hth con\c\, and conscqucntl\ , the initial shore, as 
has been said on p 161, possessed wide Lon\e\ lobes, whuh arc sho^RTi 
up on the map b\ the flooded radial \alle\s cut into them An examma- 
tion of the map show s that the outermost parts ot the central and eastern 
cones ha\e been cut oti b\ the sea Regulariration has again been 
achic\cd b\ the tormaiion ot bars across the ba\s anc tw erosion of the 
Headlands as at W'lnthrop, a general retreat has occurred 

(t ) 'I he north-w est coast ot the island of Zealand in Denmark is 
showm in I ig 26 c It consists of low areas of marine seoithentation, 
and higher clilfs cut in glaual deposits Ihesc dills arc partly hve and 
partly dead The cliffs arc found in the projcctmg pans ot the moraimc 
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hills where they have been attacked: thus, the hills initially formed 
headlands more pronounced than those of today. In the most sheltered 
parts there are no clifts at all because deposition took place there first. 
In the intermediate parts, there are dead clilfs (right centre of the figure) 
in places where deposition has followed an early phase of cliff erosion. 
Here again there ha? clearly been a progressive regularization, which 
will be completed by the erosion of the former island at present con- 
nected to the north coast by a tombolo, and by a parallel retreat of the 
shoreline as at Martha’s Vineyard. 

It must be clearly emphasized that these examples in morainic 
regioiis are much better illustrations than the ria areas in hard rock. 
Even if there is regularization of the latter as a result of the formation 
of spits parallel to the general trend of the coast, one seldom sees clear 
proof of any significant retreat of the headlands. On such a coast only 
one of the wo processes ^f the classical theory is realized. It seems that 
the classical thcor>^ has been evolved from the study of morainic coasts. 
These coasts are found in regions where the Americans, the English, 
and the Germans had evcr>' opportunity to work, and it is not just by 
chance that the theory was first developed in these countries, especially 
in America. 

The orientation of coasts. Although the classical theory' contains the 
idea of the general trend towards regularization, it does not include any 
ideas on the orientation of the regularized coast. This gap has been 
made good by Lewis and Schou. The former has formulated the fol- 
lowing rule: beaches tend to orientate themselves perpendicular to the 
dominant leaves.- Schou amplified this idea by a more precise considera- 
tion of the maximum fetch and the resultant of strong winds, exceeding 
Beaufort force 4 (i8 m.p.h.). The resultant of the winds is calculated 
in the following way; the frequencies for each direction are multiplied 
by the Beaufort force (or better by the actual velocities; Williams even 
thinks {in litt.) that it is better to multiply the frequencies by the cube 
of the velocities). The totals arc added vcctorially and the resultant is 
the straight line joining the first and last points (I’lg. 27 a). E'rom this 
Schou formulates the following law's: 

(a) When the fetch is equal in every direction, the trend of the 

FIG. 27 CHESIL BEACH AND DUNGENESS IN 
RELATION TO WIND AND FETCH 

Wind data kindly supplied by the British Meteorological Office. The 
frequencies have been multiplied by the cube of the velocity. 
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coast is at right angles to the resultant of the wind, both on advanc- 
ing and retreating coasts, because it is the direction causing ihc 
minim um of longshofc drift, which Tcally enables the orientation to 
be maintained. 

{b) When the maximum fetch and tht resultant of the wind arc 
coincident, conditions are similar. 

(c) When the ma.vimum fetch and the resultant of the wind do not 
coincide, the coast aligns itself perpendicular to a line between the 
direction of maximum fetch and the direction of the wind. The exact 
direction depends upon the relative importance ot these two factors, 
whit i may var>% 

(d) Finally, the coast may sometimes be orientated not perpendicular 
but parallel to the resultant of the wind. The rule holds for banner- 
banks (p. 91) and forms having only one point of attachment, 'flic 
other laws apply particvlarly to coasts of erosion and constructional 
forms attached to the coasts at both ends. Nevertheless, for reasons 
which are obscure, certain fonns free or unattached at one end some- 
times obey the first three laws. 

It will be appreciated that these laws only indicate tendencies, and 
that initial forms or structures, in a very great number of eases, control 
the present orientation of the shores. 

The laws of Lewis and Schou can be illustrated well in the Baltic and 
on the south and west coasts of Great Britain. In particular Chcsil beach 
near Portland illustrates Lewis’s law and, in more detail, the effect of 
Schou’s third law*: it is orientated perpendicularly to a direction between 
that of ma.ximum fetch and that of the resultant of the winds at the 
nearest recording station, which is Calshoi at the entrance to South- 
ampton Water (Fig. 27 a). Chcsil beach may, therefore, be considered 
as being in equilibrium. The large beaches in the north of Cardigan Bay 
at Aberdaron, Forth Ncigwi, Morfa Harlech, and Morfa Ifyffryn obey 
the same law: they face a direction intermediate between that of maxi- 
mum fetch through the entrance to St George’s Channel and the result- 
ant of the winds at Holyhead. On the other hand, the small beaches near 
Pwllheli still remain under the influence of initial structures. Finally, 
the two sides of Dungcncss tend, as has been said on p. 91, to be 
orientated perpendicularly to directions between the maximum fetches 
(through the entrance of the English Charnel and from the Dutch 
coast) and the dominant winds, south-west on the south side and north- 
east on the east side. Fig. 27 b shows that the evolution, witnessed by 
the pattern of shingle ridges (Fig. 8 b and c), is not finished. It may be 
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predicted that the south coast of the ness will finally run north-west- 
south-casi, that the ness will move further out into the Channel in 
which direction the fetch is very short and the winds light and variable; 
and that at the same time it will migrate towards the north-cast, because 
the forces concerned arc ‘unequal. Beniguet (p. 90 and Fig. 70) 
illustrates Schou’s fourth law since it is parallel to both the fetch and 
the direction of the wind. 

Dungeness, however, show’s the necessity for modifying Schou’s law 
in certain eases; as two w ind directions arc significant in its formation, 
w'C must make separate veclorial diagrams for two sectors, south to 
west and north to cast. It is also necessary to eliminate offshore winds 
not only at Dungeness, but in every' ease except w'herc only a small 
island is concerned. These winds have been eliminated in the diagram 
of Chesil beach (Fig. 2" a^'. After an extremely long evolution, the 
shore may so change that w'lnds from a cciir*in direction, which were 
offshore w’inds in the early phases, may become onshore winds, but 
such considerations arc entirely theoretical as changes of base-level 
usually .r^**r\’cnc long before such a condition is realized. 

Schou’s theory’ is based on the supposition that the effeaive waves 
arc caused by local winds. This supposition is ccnainly valid m enclosed 
seas. F'or coasts open to the ocean, it is no longer necessarily true, for 
sw’cll of distant origin may predominate. The direction of such swell 
may not conform to the resultant of the local winds, as has been shown 
in the ease of the Landes of Ciascony by Guilcher, Godard, and Visseaux, 
and for the whole of the Atlantic coast of Africa by Jessen and Guilcher. 
In such eases the swell must be analysed, but data on the sw’ell are often 
more difficult to obtain than local wind statistics. 

I’inally, in examples w here the swell r vjsed by lo^a* ’inds, Berthois 
considered that, w hen anemometers measuring the run f the wind are 
used, there ^was something to be said for replacing the product of wind 
frequency and velocity by the number of kilometres of wind passing in 
each direction. In this way one would obiaui a more exact measure of 
the relative importance of different winds. This method involves diffi- 
culties, one of which is due 10 the fact that such anemometers have often 
been only recently set up, so that only a short period lecord is so far 
available. They also sum up all the winds, even those equal to or less 
than Beaufort force 4 which arc eliminated by Schou, probably rightly, 
as ineffective. Finally, it is difficult 10 reconcile this methe with the 
fact that w’avcs do not increase only in a thmedcal progression with the 
velocity of the wind, for one can express their effect by the multiplication 
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of the frequeno- by the cube of the velocity as WiUiams proposes 
But Berthois’ method has proved excellent for the study of short-term 
effects of local storms on beaches. 

Irregularization of coctsts by differential numru erosion. Although 
morainic coasts show what happens in the final stages of evolution, 
certain coasts of hard, rocks and varied structure show what may happen 
in the early or intermcdiarc stages. 

The adoption of the classical theory led to the rejection as heretical 
of an older theory according to which the sea had eroded the bays. 
Much of this theoiy*, such as the view that has are the work of tidal 
currc.its, must be abandoned. 

Yet, even the most orthodox authors admit at limes that the sea may 
make the coast irregular in the initial stages of evolution. Ciullivcr 
{Shoreline Topography^ p. 173) states that ‘waves will attack softer 
rock more rapidly than its more resistant neighbour. A promonior\' of 
hard rock may thus be formed where the less resistant rock on either 
side has been eroded by the sea.’ He goes on to say that coasts will be 
regularized if they remain stable for a suflicicni length of time. Davis 
{Erkldrendc Beschreibitng dcr Liindformcriy p. 502) considers ihat^ ‘il' 
a coast including materials of great variety is attacked by waves of 
exceptional force, the resulting coast line will be very indented before 
beaches are built to simplify it. In these conditions, old bays arc 
widened , . soft rocks favour a jagged coastline . . .; it is only laicr 
that the regularization of the coast begins.’ And Cotton states (Xc^c 'Zea- 
land Geographer^ Oct. 1951, p. no): ‘Across a terrain of heterogeneous 
rock the marine crosional process docs not always develop a straight 
line of cliffs; on the contrary', as a result of adjustment to strueiurc, the 
outline of the shore when it has reached maturity is commonly sinuous 
and follows the pattern of the terrain.’ He returns to this (ibid., April 
1952, p. 56) and again admits that this adjustment to lithglogy lasts a 
very long time (in this, therefore, he differs from Davis) saying: ‘'riiis 
is perpetuated as long as the coast continues to be cut back across 
terrain with similar structure.’ Finally Shepard {Submartne GcohgXy 
P- 75) speaks of ‘sea cliffs made irregular by wave erosion .... with 
small bays in contrast to . . . drowmed river valleys’. 

These passages have generally remained unnoticed in bYance, where 
writers seldom admit selective marine erosion except in connexion with 
the fomuftion of caves and small fissures. 'Fhese views may be summed 


^ Professor H. Baulig kinJly drew the author’s attention to this passage in 
Davis’s work. 
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up as follows: the sea is capable of differential erosion in certain condi- 
tions, at any rate in the initial stages and even, according to Cotton, in 
maturity. I his holds not only for minor details but also for the general 
erosion of the coast. 

This seems to be a pcrfcdly sound idea, at least for the initial stages 
of evolution. Obscrs'ations made in Brittany, Cornwall, and Wales 
completely confirm it. 

These areas offer good examples of contraposed coasts Tpp. 171-2). 
Most authors, especially Johnson and Clapp, agree that on this ty’pe of 
coast the sea begins by clearing away the uncon* ohdated deposits from 
the depressions they fill, before eroding the solid ros^k below. Thus the 
coast is made irregular by the exhumation of the underlying relief from 
under its smooth cover of drift. That is exactly what happens in the bays 
of Aberdaron and Porth Neig\^l in :hc Llcyn peninsula and in Rhossili 
Bay in the Ciower peninsula pi. VIII The«>ca causes rapid recession 
in the glacial ilcposiis at the heads (;f the bays where the clilTs have 
typically slumped forms, although it has had as yet virtually no effect 
on ilv ^ ’ '.’ng hcadhnds formed of Palco/oic crystalline or volcanic 

rocks. At Vi’onns Head, whuh shuts in Rhossili Bay to the south, the 
absence of recession since the l-landnan is pro\ed by the presence of 
several old beaches antedating the last glaciation Pig. 4 j';. The coast 
of northern Ikitiany has developed m a similar way. The confused 
arrangement ot granite ro^ks which often characterizes this coast is 
explained simply by the cxliumation of an underlying surface. These 
rocks occur buried under loess, solifluxion deposits, or produas of 
weathering, and the sea merely exhumes them. Around Samt-Bnac, 
Paimpol, Plougrcscaiu, Ploumanac'h, i'loucscat, Kerlooan, and in other 
places, all stages of this progressive iri^j^ulari/ation, * m the simple 
hollowing out of coves in loess between granite hcadlai. :s to the com- 
plete isolaiiiin of rocks on the shore after the total removal ot the loess, 
can be seen (Pig, 25 A\ In O^rnwall, Pen/,ancc Bay is in process of being 
extended m soft roeks, although there is little erosion on the Land's End 
granite massif on its side, as the Lower .Wonastirian beaches along it 
show. In Jersey the bays of Saini-Oucn and Boiine-Nuit. tor example, 
arc being cut into loess between uneroded rock headlands. All these 
coasts, like the comparable ones in New England, are m the youthful 
stage of cvoluuon. 

Apart from contraposed coasts, examples of large-scale httcrential 
marine erosion leading to \cry indentcu coastlines may be tound. South 
Brittany provides two good examples, the bay ot Audiernc, and the 

187 



COASTAL CEOMORPHOLOGY 


cmbaymcnt bcm-cca Gavrc, near Lorient, and Quibeton. The bay of 
Audiemc (Fig. \) is formed in deeply weathered mica-SLhist^ 
enclosed within the crystalline headlands of Cape Sizun, which ends m 
Raz point, to the north and of Cipc Caval (Penmarc’h) to the south. 
Neither on Cape Suun nor on Cape C-avW docs the solid rock show 
signs of any marked prosion since the F'lundrian iraasgrcssion, because 
numerous fragments of the Lower Monasiirian beach arc preserved 



FIG. 28 SHORELINE FVOIMNG BV RU I SSION IN 
THE EMBAYMENTS IN SOUTH BRmA.NY 

A. The bay of Audicrnc. b. Between Gavrc and Quibcron. 

I 

below the cliffs as at Worms Head. In the middle of the bay, on the other 
hand, erosion is rapid: at Pchors 30 m. have disappeared in fifty years, 
and at Lessunus some 25 m. in twenty years. Although erosion has not 
been sufiicient to destroy the Lower Monastinan beach w hich occurs on 
this low coast, it has certainly tended to accentuate the concavity of the 
bay. Between Gavre and Quibcron (Fig. 28 b) there is similarly good 
reason for thinking that the bay was formerly not so marked: the line of 
dunes witch borders this shore has left evidence of its former more 
westerly position in the shape of dead dunes on the west coast of 
Quibcron. Coastal evolution is tending to separate Quibcron from the 
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mainland by breaching the combolo of Pcnthiivre. The construction of 
a sea-wall has prevented a breach being formed as a result of wave- 
action in Quiberon Bay. 

The bay of Audierne and the beach from Gavre to Quiberon arc 
examples of another impordmi fact already mentioned on p. 86: a beach 
coast is not necessarily a coast of prof^radatio>‘> i.t;. one being built out 
seawards. In fact ihc:.c receding shores arc characterized throughout by 
sand and shingle formations. Similarly the only parts of the He de Sein, 
where a noticeable recession is recorded, arc bordered by shingle 
beaches. Such condition ^ arc readily understood. The sea cannot do 
much by itself, but needs to he armed with pebbles to perform mechani- 
cal erosion. 'I’he pebbles may cause erosion of the rock platform in the 
intertidal zone in front of the mam beach, or erosion of the cliffs, if 
these arc present, by being flung against them. On low coasts, coastal 
ridges may move quickly inland as ean be scon when beaches move in- 
land over coastal marshes where they compress the peat beneath them 
(p. 109;. Progradation occurs only when the waves are overloaded with 
mater ,.:h t in amount or calibre. 

It is therefore apparent that difl’orential marine erosion occurs on a 
large scale as well as m detail on coasts other than contraposed shore- 
lines where it always happens. It seems to occur when the lithological 
ditfcrcnces arc great, as in the bay of Audierne and on contraposed 
coasts, or when bays arc snll widely open to strong marine action, 
as in the bays of Audierne and Aberdaron, and between Gavre and 
Quiberon. But to what stage of coastal evolution can these processes 
continue? The Breton and W’clsh examples cannot provide the answer, 
since evolution is in such an early stage that the coasts have not been 
eroded back to their Lower Monasiinan position. It r s true that the 
cliffs of New Zealand recede rapidly, as Cotton says, i icn this differ- 
ential erosion may continue for quite a long lime. Because Cotton 
believes in a rapid recession of these dills, he thinks, unlike Gulliver 
and Davis, that differential erosion may affect even mature coasts. 
It is certain, however, that bays cannot be cut mdetinitely landwards 
w’hile the headlands remain uneroded, for in bays extending some way 
inland friction would considerably reduce the power ot the waves. 

We may conclude that, ahhough coastal evolution leads to the 
regularization of the coast and to the reorientation of the coast to face 
the dominant swell, it is no less cenain that, where rocks of .^ry varied 
resistance occur, the sea often makes i .e coast more irregular at first, 
even though it mav still tend 10 orient it in the same way. There is still 
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uncertainty as to what happens on coasts of varied structure in an 
advanced stage of evolution. 

Evolution may be interrupted by several factors. The closing of a 
strait may lead to changes in longshore drift and deposition at the foot 
of a clifl’ which then becomes dead. The fcfrmation of a new strait may 
have the opposite eff<;c:t. Intermittent uplift may cause the formation of 
a number of cliffs, as in the Ventura region in California. The recession 
of such a shore may, if erosion is rapid enough, cause all these cliffs to 
combine into a single series. Individual examples such as these may be 
readily deduced from general principles. 
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Chapter VI 


GENERAL REMARKS 


Methods of Research. The difficulties and slowness of submarine mor- 
phological research have already been mentioned in the Introduction. 
However, even apart from direa exploration which will certainly take 
place in the near future, present methods of investigation have been 
greatly improved in the last few decades, so t^at modem studies of the 
sea-floor have reached a level never envisaged at the beginning of this 
centuryL This research has not been purely speculative: oil companies 
arc ve^y ii-.w/estcd in tb^* sub)cct and one has only to read publications, 
such as the Bt4llctin of the Cicolo^ical Society of America and the Bulletin 
of the American A^sochitum of Petroleum Geologists to realize the impor- 
tance attached to deep-sea research. 

Such work is very costly, and individual work, which is still common 
in ordinary* gcomorphology, has no longer any place here. Team work 
with a research ship, often attached to an institute, is the only possible 
means of doing work of real value. The institution plans the operations 
at sea and w'orks up the results: it is absolutely indispensable, if the 
field-work includes both scdimentology and morphology'. These two 
sciences are even more closely associaicu than in rescar on land. One 
might go so far as to say that geology’ as a whole and n orphology are 
practically inseparable, l-’xamples of well-equipped institutes are found 
at La Jolla, Qdifornia, Vi’ood^ Hole, Massachusetts, Hamburg, and 
Vt'ormley in Hritain. The French institutes arc essentially concerned 
with marine biology or hydrology, except for the Sorbonne and Ville- 
franchc laboratories, under the direction ot Bourcart, and the La 
Rochelle institute, which comes under the C.R.E.O., although some, 
such as the Institul dcs Pcchcs Maritimcs, also study the relief of the 
sca-bed. 

Nearly all the principal countries possess oceanography# research 
ships: most of them study the sca-bot.w#m, hy'drology and biology at 
the same time. 'Fhc Pourquoi Pas? disappeared in a storm off the coast 
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Frmncc now has the IngMeur^Eli€-M*mmer^ the Cdypjo 
and the Prisidmt-TkJodc^Tissur, The first end second are chiefly 
concerned with underwater research; the third is used in investigating 
ways of increasing the catch of fish. The BH^hMannkr and Calypso 
possess good equipment for mor^iological research. The United 
States has the Horizm (Scripps Insdtutioo of U Jolla), the Atlantn 
(Woods Hole Institution), which operate respectively in the Pacific 
and Atlantic, and many others. Great Britain has principally the 
Discoid II and the Challenge. Most of these ships arc small; they var>' 
usually from 140 to 500 tons, but the II is larger. A shallov^- 

draught vessel is essential for studying the coral seas. Among the ships 
which have made considerable contributions to our subicet, wc should 
mention the first C/iu//<7h:ct, an Knglish ship, the German Afc7t’(»r, and 
the Dutch Srtclhus. 

For a long time these /»hips ucrc equipped for deep soundings onl\ 
with lead lines, measurement being reckoned bv the number ot turns on 
the cable drum A sounding of 4,ooo-<;,ooo m took several hours, so 
that the slowness of the advance of knowledge is easv to understand 
About 1919, onJ> the shallow' seas near the countries of huropcan 
d\ilizauon and the routes of undenwter cables were known with anv 
accuracy. In 1919, the French hsdrographic engineer Marti introduced 
a revoluuonars' method, ccho-sounding 'I'hc use of sujscrsonic waxes 
at a later date was another great adxancc, as such waves arc directional. 
There is less chance with such vxaxes of rcccixing echoes from objects 
to one side rather than from underneath the ship Modern apparatus 
allows continucAis soundings to be made while the ship is in motion. The 
soundmgs arc automatically recorded on a chart, thus giving a con- 
tmuous trace of the depths. The results arc vers' satisfactory, except 
when the sea is rough or when the ship's hull is covered with algae On 
an expedition, on which it may be impracticable to scraps the ship's 
bottom, it may be nccessarx* to steam into a river to kill the algae. Prom 
a close nctw’ork of soundmgs a contoured chan may be drawn up, but 
sharp isolated peaks and small depressions may be missed, because such 
features cannot be seen as they can on land. The positions of the ship 
must be carefully recorded in order to plot the lines of soundings on 
the chart. They are obtained by different methods; direct fixes near the 
coast; astronomical fixes, radioacoustic ranging, radar nav igatuig devices 
out at sca.^In spite of the advances brought about by supersonic sound- 
ings, the gaps are still enormous, especially in the southern hemisphere 
and in the Araic basin. 
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The nature of the bottom, provided that it is not rocky, may be 
ascertained by using lead lines. DetaU recorded on navigation charts 
has becii*^ obtained in this way. But this is a crude method and f^y^^h 
more eflfeedve apparatus is now available for the purpose. Bottom- 
sampling devices art carries by all oceanographic ships; they consist 
essentially of corers, long tubes which sink into the sea-bottom, unless 
it is rocky, in which case the corers arc liable to be broken. Some, such 
as the Piggot cannon, arc forced into the sea-bottom by the use of 
explosive. Others, such as Kullcnbcrg’s piston core-sampler, rely on 
their owm weight, Kullenbcrg’s core-sampler can produce cores 20 m. 
long in soft deposits: it thus gives sections of Quaternars^ and even 
Tertiary deposits, which have provided the best information about 
Quaternary climatic changes (p. 258;. But this gear is very heavy 
(1,500 kg.), difficult to handle, and the interpretation of each core 
demands months of work in a laboraior\-. The Stetson corer, easier to 
handle, extracts cores about 10 m. long 

Samp’"^ of consolidated rock may be colleaed with the Charcot 
dredge or similar apparatus. 'Fhesc drcdcc'' also bring up sediments, 
such as pKbbles, which arc too coarse to enter the piston corers. Both 
types of apparatus have to be used, therefore 
The sea-bottom may be photographed either by apparatus earned by 
diNcrs m shallow’ waters sec below or, at greater depths, by cameras 
suspended from a cable Some additional source of light is necessaiy’ 
bevond depths of about 10 m Submarine photography is one of the 
most delicate techniques in occanographv, and successful pictures are 
not numerous, although of great interest. Good results have been 
obtained from depths of 5,000 m and more Various ii..dcnvater films, 
usually concerned with marine life, have been sho m anemas, 
notably those of Commandant C'ousieau. 

Gcophy^cal methods may be used for obtaining structural data to 
considerable depths below the sca-floor Lhc methods arc the same as 
those used in prospecting for oil on land. Fiihcr seismic soundings may 
be made, or magnetic data, obtained b\ a flight o\cr the region con- 
cerned, may be used. In 1952-3 the .\mcric'an Cjpnccrn cxpcdiuon 
used a manne magnetometer, towed bv a boat. The first method, the 
seismic method, makes use of the diflcrcni velocities of sound wa\cs in 
different rocks and the reflection of such wa\ cs from surfaces of dis- 
continuity. The w’avcs, produced by v' nkxiing small char^^^, make it 
possible to distinguish between unconsondared sediments, consolidated 
sediments and the underlying crystalline masses. The volume of data 
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is becoming Urge for certain regions, espedaUy for the areas off the cast 
and south coasts of the United States, and Caribbean Sea. These 
methods have also been used in the study of Bikini atoU (p, 132). jt 
therefore, possible to evaluate submarine oil resources, and alreads oil 
wells arc bemg drilled in shallow water off the north coast of the ( lulf 
of Mexico. 

But none of these methods allow one to tee ihc bottom of the sea 
The problem of direct obscn ation has now been solved for depths up 
3 -’O m. bv the Coustcau-Gagnan diving apparatus, which uses com- 
pressed air and was first manufactured m 1943. It an improved form 
of the Rouquayrol-Dcnayrousc and I c Pneur apparatus This appa- 
ratus is much less dangerous than the ordinary diving suits used bv 
specialists, as these aiw death-traps if the pressure balance is not 
accurately maintained. The new apparatus oilers the great advantacc 
of entire freedom of movement, since the diver is not attached to the 
boat by a cable. His movements can be followed by the air bubbles 
released whenever he breathes. Most divers can be quickly trained to 
descend to a depth of 25-30 m Beyond 40 m there are risks of nitrogen 
giddiness, which become very senous below* 70 m , >.0 that onl> \cr\ 
skilled divers can operate at this depth This dising apparatus, invented 
m France, has unfortunately not vet been wulclv used bv morphologists, 
although a biologist, P Drach, has clearly realized us value, and sub- 
marme archaeology has also been advanced by its use 

It is possible, but much more difliculi, to dive to depths exceeding 
70 m. This can be done either by means of a rigid, articulated diving 
suit supplied by a pump, like those used by the Italian companv 
S.O.R.I.M.A. for the recovery' of wrecks, or with self-contained Brown 
diving suits of American ongin in which one breathes below a depth 
of 60 m. a mixture of helium and oxygen, which is unsuitable for 
breathing at ordmary atmospheric pressure. This apparatus allowed a 
depth of 163 m. to be reached in 1948; but it cannot he used by amateurs 
such as the morphologist. 

Another way of scing the bottom is to go dow n in some son of globe 
equipped with portholes. Such apparatus can reach greater depths than 
those reached with diving suits, and may w'cll become more popular 
The first globes to be used were Beebe’s Bathysphere and Barton’s 
Benthoscop^, The latter reached a depth of 1,375 m. in 1949, and 
1,100 m. ih 1952. Both have the same limitations as divmg suits sup- 
plied by pumps: i.c. they arc not self-contained. An independent and 
self-propelled bathyscaphe designed by Cosyns and Piccard, did not 
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work sRtisfiurtortly in its trials at Dakar, but two improved bathyscaphes 
were much more successful in the summer of 1953: Piccard reached a 
depth of more than near Naples, while a bathyscaphe belonging 

to the French Navy reached below 2^00 m. near Toulon and below 
4,000 m. off Dakar in January 1954* Such apparatus means enormous 
progress in underwater research. 

Finally, underwater television is possible by means of Wcxlcr’s 
clcaronic periscope (1948)- 'fhis has already been used successfully 
and should be capable of further improvement. 

This apparatus and the bathyscaphe seem to offer the best methods 
of making a visual study of the sea-bed. The portable diving suit of 
Coustcau-Gagnan is a really practical apparatus, ‘‘implc and easy to 
manage down to a limited depth. The technique of us use in undciw'atcr 
geology and mapping by divers has been recently established and de- 
scribed by a team of American geologists. 

Marine charts may be grouped in three categories. 

{a) I’ishing charts are the least important because they only cover 
recogiii/cu :r;/.\lmg gr .runds and then only incompletely. They show 
depths, contours, and indications of the nature of the bottom. They are 
of value for the morphological study of the areas they cover. 

{b) Oceanographic charts, especially the Cicncral Bath>Tnctric Chart 
of the Ocean' on a scale of i io,cxx>,cx>o, edited and kept up to date by 
the Bureau Hydrographique International de Monaco. This chart is 
layer-coloured, actual depths being given in metres. It covers all the 
oceans, but its value varies \Mth the density ot the nenvork of the sound- 
ings. As many soundings as possible arc plotted; this is a relatively easy 
task since place-names arc few. In certain countries, especially America, 
larger scale chans of the same type co\cnng more uricted areas 
have been published. 'Fhcy cover fairly well-known ..reas, such as 
the coasts ff the United States and the NX'cstem Pacific, and are very’ 
useful. 

(c) Navigation chans have a detinue purpose. They arc the successors 
of the ponolan chans of the fifteenth and sixteenth centuries, and the 
‘Ncptuncs’ of the seventeenth and eighteenth. Great progress WTis 
achieved in France, under the direction of Bcautemps-Bcaupre, at 
the beginning of the nineteenth century . The hydrographic offices of all 
the maritime nations publish such charts; they make use of the data 
published by other countries for regions where they ihcm^' Ives have 
not made any surs'cys. In England n«ugaiion charts for any region 
in the w'orld may be bought, but for certain areas more detailed 
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and precise sheets are available from Paris or Washington. These 
charts are the best documents for coastal areas, since they are con- 
standy being brought up to date, and their scales sometimes exceed 
1/15,000. But the scales are very vanable, and it is not usually possible 
to cover a large area on one fixed scale. These charts are drawn on 
Mercator’s projection, which is suitable for sailors since bearings are 
correct. 

Unfortunately, navigation charts do not all use the same datum. It 
is hardly an exaggeration to say that there are as many different datums 
as there are countries. In France, the level of the very lowest tides is 
used. This, like all other levels except mean sea-level, varies ^^^th the 
local tidal range. The datum on a chart of the coast of Provence, for 
example, is more than 5 m. above that of a chart of the approaches to 
St Malo. But the use of this datum has great practical advantages for 
navigation. The British 4 ^dmiralty has chosen the mean level of low 
w’ater springs; the U.S. Coast Guard and Geodetic Survey has taken 
mean low water for the Adantic coast and the mean low water of the 
principal diurnal tides for the Pacific coast. French charts based on 
foreign charts keep the datum of the original charts and carry a notice 
to that effect. Those overlapping several countries, as in the Straits of 
Dover, have more than one datum. The soundings are in fathoms on 
British and American charts, and in metres on French charts, where 
tenths of a metre are given down to depths of 10 m.; as many as possible 
arc shown, A high degree of accuracy is obtained for frequented seas 
and in depths down to 20 m. Below this the soundings become much 
less frequent on. most charts. Not all chans show contours of the sea- 
bottom, although they may be readily interpolated from the soundings. 
Their limitations should be realized. 

The regions of the sea-floor. There arc twn w'ays of studying the relief 
of the sea-floor: either through a consideration of the relief of the geo- 
graphical regions of the sea-bottom or through a systematic division 
according to depth and distance from the coast. In this work we must 
adopt the second point of view, since we are concerned only with 
general geography. Certain fundamental features may be stressed. 
The Pacific and adjacent seas cover about 50 per cent, of the total sea 
area of 361 million sq. km.; the Atlantic covers 106 million sq. km. 
and the Indian Ocean 75 million sq. km. The southern hemisphere is 
mainly oc«nic since between the Equator and 70 South less than 
25 per cent, of the area is land, whereas land exceeds 50 per cent, 
between 45 and 70" in the northern hemisphere. The South Pole is, 
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however, occupied by a continent, while at the North Pole there is 
a deep basin. The distribution of land and sea is therefore roughly 
antipodal. 

The nature of the general distribution of depth is fairly well known 
and further soundings will not greatly alter our knowledge of it. It may 




riG. 29 PISTRlBl'TIOS OF I AND AND SI A .AFTER 
SVIRDRl’P, JOHNSON, AND FLEMING) 

Hypst'graphic cun’c and percentages ol total area berween successive 
i,ooo-m. contours. 


be expressed bv a hypsogrnphic curse (Fig. 29), \\hich shove's two 
dominant areas: one between o and ' 1,000 m. on the continents, with 
an average altitude of 840 m., and the other between 3*000 and 6,000 m. 
in the oceans with a mean depth of 3,800 m. The oceans an^thcrefore 
generally much deeper than the contin ats are high. The maximum 
depths exceed the greatest heights. The deepest sounding up to 195® 
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was 5,940 fathoms or 10,863 metres in the Marianas trench. The per- 
centage of the total area at different depths is as follows: 

o- 200 m. 7*6^0 
200-1,000 m. 4'3Mag-o^ 

1.000- 2,000 m. 4 2 '^ of ^ 

2.000- 6,000 m. 82* 7“ o (of which 33^' o lies between 4,000 and 5,000 m.) 

Below 6,000 m. i* 2 ‘'o 

This table reflects certain fundamental elements in submarine relief, 
the terms for which have been fixed by the International Committee on 
the Nomenclature of Ocean Bottom Features (Brussels and Monaco, 
1951-2): 

(a) From o to 100 fathoms or 200 m. is the continental shelf ^ which 
some authorities consider to extend to 500 m. 

(b) From 200 to 2,000 m. is the continental slopCy which is often cut 
by submarine canyons; the table above shows that this zone is steeper 
than the continental shelf. These two zones arc grouped by some 
authorities as the continental terrace or continental margin; this seems 
to be reasonable, since their origins appear to be connected. Vi'c will 
therefore study them together in Chapter VII. 

(c) From 2,000 to 6,000 m. arc the general ocean depths which have no 
universally recognized name, but which include troughs (broad, elon- 
gated depressions with gently sloping sides), basins (broad, circular, or 
oval depressions, in which the parts below 6,000 m. may be called 
deeps)y rises (broad, long elongations with gentle slopes), and ridi^es 
(long, narrow elevations with fairly steep slopes). 

(d) Below 6,000 m, there arc the deeps, already mentioned, and 
trenchesy which arc narrow and steep sided. The area they occupy is 
very small compared with that occupied by the general ocean depths. 
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Chapter VII 


THE CONTINENTAL MARGIN 


A. tXTrST AND RILIEF 
OF THE CUNIINtNTAL SHELF 

The continental shelf is usually uidc off low-lymg continents and 
narrow or absent off mountainous regions. This relationship beween 
continental and submarine relief was realized ';cry early in the study of 
the oceans. 

The continental shelf is vside in north-west Europe, off the north 
coast cf liw r S S R., n the China Sea, the Arafura Sea, the Gulf of 
Lions, the Gulf of Gabes, the north Adriativ;, the cast coast of North 
America. It is narrow in front of the w'cst coast of North America, and 
the north coast of New ( luinca; vcr\- narrow or absent off the Proven9al 
coast, where, lor e.xamplc, the He du Levant is separated from Cap 
Lardier (Maures', by depths of more than i,ooo m. and the submarine 
relief is as marked as that of the Maures Massif. The average width of 
the continental shelf is, according to Shepard, 42 miles. 

The continental shelf meets the continental sloj>c at a slight angle, 
but this break of slope is* not always at the same depth jnd it is often 
difficult to locate precisely. According to bhepard it is und usually 
between 70 and 100 fathoms, the average being 72 fathon*b. The mean 
slope of the^conlincntal shelf i> o o*’; it is a little steeper near the land 
than in its seaw’ard parts. The ?vcragc depth of the flattest parts ot the 
continental shelf is 35 fathoms. 

However, P. Birot points out that there is often a continental shelf, 
20 km. or so in width, off mountainous coasts, thus breaking the con- 
tinuity between the terrestrial and submarine relief. Off Galicia, for 
example, where the land reaches 400-500 m. close to the sea, depths of 
200 m. are reached only at a distance of 20-30 km. from the shore. 

In some places areas with gentle arc found bclo* 200 m. 

J. Bourcart thought he had found a senes of such surfaces, which 
became progressively steeper seawards, ofl‘ Morocco, hut their existence 
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FIG. 30 DROWNtD VALLFYS AND STRl’ClURAL RELIEF 
ON THE CONTINENTAL SHLLF 

A. Off the Crozon peninsula, Fimstcrc (based on French marine 
charts), b. In the Arafura Sea (after Fairbridgc, 1951). c. and D. In the 
North Sea (after Bcauge, 193?;. 
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has not been confinned. Submerged plateaux and basins between about 
200 and 700 m. occur in certain other regions, c.g. the Bligh and Rose- 
mary banks north-west of the British Isles, north of Newfoundland, 
and south-w’cst of Formosa. Shepard termed such areas continental 
borderlands. 

These shelves or continental borderlands are generally not plains 
devoid of relief. Locally they have this characer, c.g. off the’ west coast 
of India and in the Chukotsk Sea off north-east Siberia, where they are 
as flat as the plain of the Low Countries. But usually they possess 
considerable relief, which appears to be a continuation of that of 
neighbouring land areas. 

Exploration by means of self-contained diving suits has revealed 
vertical cliffs and caves to be common at depths of 0-40 m. off the 
Provcn9al coast. Off the west coast of Briiiany, the structural trend of 
the Crozon peninsula may be traced to a depth oi* about 50 m. (Fig. 30 a). 
The higher parts emerge in places as rocks, but most of it is alw’ays 
submerged. The ridge of Armorican sandstone at Toulinguet point is 
contin’ied vith the appearance of an en echelon pattern in the sub- 
merged ridges of La Parquetie and La VanJree for at least 18 km.; 
the Tas de Pois continues in the Menez C'hom, Lis, and Iroisc banks 
for at least 18 and probably 24 km. There are comparable features off 
Dinan point and C^p de la Chevre. 

These facts might have fcKren attributed, at least in part, to differential 
marine erosion working at the present level 'Chapter V), if L. Berthois 
had not shown that wave action is ver>’ weak as soon as low tide level is 
reached. But the submarine valleys on the continental shelf cannot be 
explained in this way. Sbeh drowned and brandling '.alleys occur in 
the north Adriatic; they are magniticcniiy developed 1 the Sunda 
platform between Java, Sumatra, and Borneo, where uiere arc two 
former river systems, at depths of o-ico m., one dir^'cicd northwards 
and the other south-eastwards, both continuing the courses of subaerial 
rivers. Similarly, in the Arafura Sea between Australia and New Guinea, 
old river systems run westwards and can be follow ed down to a depth ot 
more than 180 m. (Fig. 30 b\ Off' the coasts of French Guinea, another 
pattern of clearly defined channels continues the lines of the coastal 
rivers and goes dowm to 70 m. in the channel in front ot the Konkourc 
river. The submarine valley, which leaves the Gulf of Morbihan at a 
depth of 31 m., reappears to the soi'^h-cast of Quibero'^^ where it 
reaches — 51 m. in the Tcignouse channel Similar valleys exist off 
the west and souih-w^cst coasts of Brittany. The channels of the North 
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Sea floor provide another example: these channels, the Old Devil's Hole 
and the New Devil’s Hole arc long and narrow, and reach depths of 
212 and 250 m., although the average depth of the sea-floor is only 
85 m. There is also the Silver Pit in the Wash, and to the north, the 
Swatch Way, a kind of submerged gulf ico-140 m. deep (Fig. 30 c and 
D), and the Fladcn deep (274 m.). 

It is almost certain that all these are completely submerged subaerial 
valleys. In general the pre-Flandrian regression to a depth of 100 m. 
provides an adequate explanation. Between New Guinea and Australia 
there may also have been tectonic movement in the Quaternar}*. In 
the Morth Sea the depth of the valleys may be explained, cither by a 
continuation of the subsidence which occurred in the Mesozoic and 
Tertiary, or, as envisaged by H. Baulig, by isostatic effects associated 
with the last glaciation. The ice of the last glaciation did not fill the 
North Sea basin so tha^ the land would possibly have risen along the 
ice margin. Here the valleys were cut to a depth well below that existing 
at present. When the ice finally melted, the land sank, i.c. its movements 
were opposite to those of the parts covered by icc (cf. pp. 46 8). These 
valleys w'ere formed by the Rhine and its tributaries and later separated 
into scries of depressions by sedimentation, unless they were, according 
to another of Baulig's suggestions, subglacial valleys carv ed out during a 
former and more extensive glaciation. 

Off the Norwegian coast (see pp. 159 -60) the continental shelf has 
been heavily glaciated and is crossed by many submerged troughs. Off 
the coasts of glacial lowlands moraine features are sometimes quite 
deeply submerged: in the Gulf of Maine many drumlins have been 
found at a depth of about 180 m. by the sun cys of the Oceano^^rapher. 
In the North Sea, three concentric ridges of stony material west and 
north-west of Jutland have been interpreted by Pratjc as the submarine 
continuations of the Warthc, Frankfurt-on-Odcr, and Pomeranian 
stadial moraines (Fig. 31 c). Off New York the Hudson valley, which 
was overdeepened to - 90 m. under the city’ and since filled up, con- 
tinues across the platform as a submerged valley 50-70 m. deep. It may 
be of compx)und origin, in part a glacial valley and in part a proglacial 
valley. 

As a result, the relief of the continental shelf is similar to that of the 
adioinin^ parts of the continents, both in its general degree of flatness 
and in its detail. The relief is largely, but not completely, subaerial in 
origin; for example, the lines of sand-banks in the Straits of Dover, 
in the southern North Sea (Fig. 31 b), and in the straits of Banka and 
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A. Sedimcnis and tidal v.urio:u \cKNit;cs 1:1 the Lngli.sh C hannel Rafter 
Dangcard, Hansen, and I’raiic . i R»Kk 2. CTravcl. 3. Sand. 4. Muddy 
sand or mdd 5 Isolated stones Lines ol equal maximum tidal current 
velocity in knots arc shv»N\n. c\».cpi oil Limstcre and CAncntin, where the 
velocities are indicated I'nly b\ tigures 

B. Hanks in the North Sea, Straits ot Hover, and eastern Channel ^atter 
Guikher '. Scale should read km. and not m 

c. Reconstructed positions ol stadial moraines based on stony areas m 
the North Sea (after Pratje' 

n. Sediments off the south ('hina coast alter Shepard ', i. Sohd rock 
or stones, z Sand. 3. Mud and sand. 4. Mud. 
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Sunda are forms typical of straits through which strong currents flow. 
Such features are also found in front of many British harbours (Robinson, 
1956). On the Sunda shelf valleys have been scoured out by marine 
currents in narrow straits. It is quite possible that elongated banks, 
such as the Parsons, Castor, and La Chapeile banks off western Brittany, 
which have sometin^es been regarded as structural features, are, at least 
in part, of the same origin as those of the North Sea and the Banka 
Strait, for the chart shows that in the east-south-east they are formed 
entirely of gravel, sand, and shells. The fact, noted by Bourcart and 
Marie, that trawlers have dredged up compound branched polyps is not 
complete proof that the banks are rock. 

Thus, the continental shelf is a region where continental and marine 
influences have acted alternately during successive emergences and 
submergences. But the realization of this gets us little nearer to under- 
standing the origin of the shelf itself. 

B. RELIEF OF THE CONTINENTAL SLOPE: 

SUBMARINE CANYONS 

The continental slope, where it is relatively well known, is botli steep 
and, in detail, sinuous in plan, although its general form may he simple. 
It is charaaerized by great gorges with steep and sometimes vertical 
slopes, some of which, c.g. the Cape Breton trench, cut deeply into 
the continental shelf itself and end in marked amphitheatres. These 
trenches have been called submanne canyons (I'ig. 32). Usually their 
long profiles show’ breaks of slope but no reversed slopes. This profile 
is usually much steeper than that of subacrial valleys, except in certain 
high mountain regions. According to Shepard and Beard the average 
slopes of 102 canyons knowm in 1938 were as follows: 11-62 per cent 
in the upper, 6*63 per cent, in the middle, and 4 76 per cent, in the 
lower sections. 

The majority of canyons do not appear to be the continuations of 
subacrial valleys, but there arc exceptions, for canyons arc found 
off the mouths of the Indus, Ganges, Hudson, and especially the 
Congo, into the estuary of which the canyon penetrates deeply, a very 
rare occurrence. The Tagus canyon lies off a probable former mouth of 
this rivex south of the modem cstuar>’. The Cape Breton trench lies oil 
one of thd old mouths of the Adour. But the profiles of the canyons arc 
not continuous with the profiles of the subaerial valleys. In California, 
the Monterey canyon continues the Salinas valley but the canyon has a 
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Steep, constant slope, which is not a logarithmic curve, the break of 
slope near the coast being very abrupt (Fig. 32 d). The canyons, which 
are apparent extensions of rivers, rre longer than the others (134 km. 
in the case of the Congo canyon, and 94 km. for the Indus canyon) and 
their longitudinal profiles with an avcrage^lopc of 17 per cent, arc less 
steep. Canyons l>ing,off islands have the steepest profiles of all with an 
average of 13-8 per cent. 

Cross-section of canyons arc usually V-shaped like those of the 
C^vennes valleys. In detail there arc breaks of slope which arc often of 
considerable magnitude. Shepard has superposed the cross profiles of 
the AVonterey canyon, California, and the Colorado canyon, and shown 
that they are very much alike. The depth of the canyons is usually 
several hundred and sometimes more than a thousand metres, a fact 
which clearly distinguishes them from the other submarine valleys of 
the continental shelf. Comparable subaerial features arc by no means 
unknown for the Colorado canyon is 1,830 and the Snake River canyon 
2,370 m. deep. The Mississippi canyon in the form of a fiai-bottomcd 
trough is exceptional. 

The plan is often dendritic, like that of a subaenal valley system, c.g. 
oflf the coast of Provence (Fig. 32 a). However, Kuenen, VX'oodford, and 
Crowell have emphasized certain differences betv^een canyons and sub- 
aerial valleys. As yet no notably winding canyons or meanders of small 
radius have been found: the canyons arc not really straight but they are 
straightcr than the average subaerial valley, while irregularities in the 
long profile are greater in the submarine canyons. 

The distribution of submarine canyons is almost world wide. I'hcv 
are particularly numerous off the cast coast of tfic United States between 
Canada and Norfolk, Virginia, off the Californian coast, the Pacific 
coast of Mexico, and the Mediterranean coast from (^pe Creus to the 
Italian Riviera, where they are in the outer edge of the continental 
shelf in the Gulf of Lion, but quite near the coast from Toulon east- 
wards. But they occur commonly in other regions: in the western 
approaches to the Channel, off Algeria, Senegal, Chile, New (iuinea, 
the Philippines, Japan, the Aleutian Islands, (.eylon, and Zanzibar. 
Very recently, Carsola has mentioned canyons cut into the continental 
slope of the Araic in the Beaufon Sea. They seem to be absent from the 
west coast of the Gulf of Mexico and between Monda and Norfolk. 
Hundred^ of canyons arc now knowm. 

They generally reach a depth of 2,000-3,000 m. and those which have 
been sounded in their lower part end in areas of hummocky relief. 
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C. NERITIC AND BATHYAL SEDIMENTS 

The continental shelf is an area of shallow w^ater or ncritic sedimenta- 
tion, while the continental slope is an area of deeper water or bathyal 
sedimentation. 1 he latter extends, according to most current definitions, 
dowm to 1,000 m. but, as Kuenen observes (Marine Geology^ p. 322), 
it may be advantageous to continue it to 2,OuO m. 

If sea-level remained constant for a long while, and if waves w'ere the 
only important factor in sedimentation, the calibre of the sediments 
should decrease away from the land. Sediments derived from the land 
should be arranged in such a fashion in places where the slope de- 
creases away from the land, because of the reduction of movement with 
depth. This would result in what Bauhg calls (i?i hit.) the profile of 
equilibrium of the continental shelf. Some authorities have gone further 
and stated that such was the arrangement of sediments on the conti- 
nental shell. Conclusions have often been drawn from the nature of the 
sediments about the depth of water in which they were deposited. 

In icaiii.' .lie distribution of sediments on the continental shelf is 
ver\' complex. As Twenhofel ' 1039) sav^, ‘'fhe coarsest sediments tend 
to be nearest the shore, but there arc many exceptions, and on many 
shores fine sediments are nearest the shore and the coarsest sediments 
are seawards' y^Fnnciplcs of SiJinu'nrario^f p. ii9\ Pebbles have been 
found at great depths m a variety of places. Off southern California, 
they have been dredged up from all depths between 18 and 900 m. 
Similarly, off western luirope the PriSiJcnt-TiuoJcrc-Tissicr^ the 
Qucfitiri'Roosc'-Oilr, and the cable ship BauJot have found pebbles 
at considerable depths; at So m. oil the I izard; 105 p"' Mio m off tlie 
Scilly Isles; w hile very large pebbles were found at a depi 'f 1 60-1 "5 m., 
a little farther to the south-west. At a depth of 140 m. south-west 
of the Ch;jussce de Sein a pebble of '‘andy shale vas found. These 
pebbles arc w’ell rounded and verv’ varied Lihologically. They cannot 
have been formed at the depth at which they arc found. Submarine 
currents may form ripplc-marks on sandy bottoms: they have been 
photographed on George Bank, New England, at a depth ol 225 m., 
and many arc known at greater depths in certain straits (see p. 81). 
But to move sand and to erode pebbles are two quite difierent things. 
Moreover, these pebbles, like those which are exposed amon*' generally 
angular cobbles at very low water on li .'oasts of Brittany, ,fte cov'cred 
with calcareous algae which cannot withstand erosion. At most it is 
probable ^^Berthois) that they arc occasionally rolled over since they 
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have calcareous algae on all sides. Somedmes they are so abundant that 
they appear to form submerged shingle ridges. 

The distribution of sediments in the English Channel is very irrcpuiar 
(Fig 31 a), as was shown by Dangeard and later by Bcrthois. In ihe 
eastern part of the English Channel numeious angular flints occur at a 
depth of 50 m. in 59 24' North and 2^ 21' West the following rocks 
have been found, gneiss, fclspathic sandstone^ iron-ccmcnlcd sandsioiu , 
glaucomnc sandstone with a calcareous cement, foramainfcral Imn 
stone, ooliac limestone, limomtc nodules, and fossil wood probabU ol 
Wcaldcn age (Bcrthois'i In the Radc dc Brest each little basin has us 
oysTi particular grade of maicnal, and the particles arc almost unworn 
(^Benhois). 

An e\en more interesting fact is the distribution ot sand and mud 
on the contmental shell The existence m the Ba\ ot Biscav of a 1 ir 
mud-bank, forming a broad strip between the Ciirondc and Penmarv. h, 
and flanked by sands areas, has been known for a long time I he sar d 
appears to extend continuouslv beneath the muJ-bank, which reprv- 
sents \er\ localized deposition It should be added that there are an ’s 
of mud nearer the coast, notably m the Mor Bras between Houai, 
Hocdic, and the coast of Morbihan, so that the succession outwards 
from the coast is mud, sand, mud, sand 

Such anomalies arc verv' numerous, as Shepard has shown lie has 
drawTi attention particularly to the south China coast, where a /one ot 
sand appears outside a broad strip of mud flanking this ria coast 
fFig. 31 d) Similarly, on the north-cast coast of South Amenta from 
the Ormoco to the Amazon, \ast mud-banks border the woast tor more 
than 2,ocx) km , and continue into the deeper pans near the coast uherL 
they are red-brown m colour and base a high content of lime ^6-f)0 p^r 
cent ) and organic matter (30 per cent ^ On the seaward parts of ine 
contmental shelf and on the coniincntal slope the same lyud occurs, 
but IS mtemiptcd by areas of sand or mudd\ sand South of Ckipc C od, 
compaa shelly material coicrs the bottom between 35 and 45 miles 
from the coast at depths of about 90 m , hut soft mud appears at depths 
of about 100 m. between 45 and miles from the shore, between "S 
and 85 miles from it, in depths of about x 10-120 m the gram si/c ol 
the sediment and its compactness again increases in a zone where no 
deposition seems to be taking place at present (Northrop). 

Organid sediments arc also important on the continental shelf, bar 
from being hmitcd to the deepest parts of the seas, these sediments arc 
commonly found m Bnttany just below the level of the lowest tides and 
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arc derived frwn the calcareous algae which cover all the rocks, and 
from the shells of mussels, and sea-urchins. In places they completely 
cover the sea-'floor. Breton farmers know the deposit well, for they have 
used this ‘ifwirr or "$kotailh\ which can be seen heaped up on the 
quays at places such as Quimper, for centuries for fertilizing fields 
deficient in lime. In the Mediterranean such deposits arc equally im- 
portant; dredging by the Hlie-Monmer in August 1950 off Saint-Tropez 
and around the He du Levant has shown that the bottom bet\\'ecn 100 
and 150 m. is in places entirely covered with Bryozoa. These deposits 
arc the ^madrepores' of the marine charts. In coral seas both sands and 
muds are exclusively organic. 

Solid rock also outcrops over extensive pans of the continental shelf. 
Dangeard has greatly increased our knowledge of this. The outcrops of 
solid rock arc so numerous in the tnglish Channel that King has been 
able to make a geological map of the bottom qf the Channel. Dangeard 
stales that rock may occur well out to sea and at great depths. This is 
not pecu^'"’*’ to the Hnglish ChanncK for such rocky bottoms, sometimes 
called hard grounds 01 hard bottoms, have been noted in different 
regions by Tw'cnhofel PrvutpLs . , . , first edition. 1939. pp. 253-4}, 
notably in Chesapeake Bay, the Straits of Gibraltar, and around the 
British Isles. 0 :\ C.*ilifornia, solid ro^k alternates with sand on the 
outer part of iht continental shelf CV.f the ^ 'uih China coast rock crops 
out in many places in both ‘^and and mud /ones. 

'I'hcsc favis arc not easy to explain. If we consider ordy the Fhndrian 
transgression and wave action to be the operatne factors, we should 
have either a continuous basal conglomcraic covered by tincr sediment 
in Its lower parts and in ‘coastal marshc'^ or the rising ' should have 
pushed Its shingle beach up as it advanced and aficr\\ is deposited 
other sediments below it in deeper water. Neither of these simple 
distributions is usually found, except occasionally ir. \ertical sections 
through marshes. 

Submerged pebbles may be due to several causes Isolated p>ebbles 
may have been dropped by floating ice in the Quaicrnanx according to 
the thcor>’, jx'pular in Kngland, for explaining erratic p‘'''bles in raised 
beaches (p. 26'). This iheor)* may apply in certain cases: at present 
material is being depx^sited by Arctic icc between Greenland and 
Spitzbergen. But it docs not account for the presence ol siibmergcd 
ridges, which must have been formed ai ’ ’hen abandoned bf dkC rising 
sea. Why this should be so is not clear. .\ better knowledge of tlic fnor- 
phology’ of the sca-fl(X)r may reveal the influence ol rock ridges. 
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The causes of sand zones seawards of mud zones, other than modem 
coastal mud-banks, like those of the Bay of Biscay and south of Cape 
Cod, are still very obscure, and perhaps related to hydrodynamic 
conditions. Writers who describe these sand zones think that they arc 
generally old, so that the conditions of deposition are very difficult to 
determine. It may be easier to discover why the mud, which is usually 
considered to be of recent origin, does not cover them completely. Is 
the great mud-bank of the Bay of Biscay, as H. Baulig suggests, being 
actively built up seawards? Or is it stable in position and to be explained 
by hydrodynamic conditions? It seems likely that many irregularities 
of deposition must be due to submarine currents. Although currents, 
other than wave currents, arc not important in coastal geomorphology, 
they may be relatively more effective on the continental shelf. The sand 
ripples which have been photographed in deep water prove the impor- 
tance of currents, but it i^ difficult to establish their significance in cver>’ 
case. Pratje recently used comparable ideas in trying to explain the 
transition from sands to gravels in the Channel by an increase of the 
tidal currents (Fig. 31 a). There is no doubt that rocky bottoms usually 
ow’e their existence to the fact that they are swept by currents, for 
example in the Channel and the Straits of Chbraltar. Others may result 
from the fact that the deposition of sand and mud has been insufficient 
in thickness to cover the pre-existing relief, a probable example being 
those of Iroise in west Brittanv. 

In certain cases the origin of the sediments has been established. In 
the southern part of the North Sea it has been shown by the heavy 
minerals and by the shape of the sand grains, that practically none of the 
material is of distant origin, because the marine sediments have the same 
charaaeristics as those of the adjacent lands. Some of the sediments 011 
the Flanders banks may have been brought into the Channel from the 
North Sea, when the Channel was dr>^ land in the penultimate glaciation, 
by the overflow stream responsible for breaching the Straits of Dover. 
Later the sea has tended to carry them back to the area from which they 
came, without mixing them with those lying off East Anglia. Further 
studies of this type are much to be desired. 

Sedimentation on the continental slope, in the canyons, and at their 
mouths is as interesting as that on the continental shelf. On the con- 
tinental slope rock outcrops frequently. It usually alternates with fine 
muddy setiiments, for example, south of Cape Cod, off south (!;ali- 
fomlh, off the mouth of the Columbia river, and off the Atlantic coast 
of France, But these unconsolidated sediments arc not very thick. The 
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nature of the maicrial is very variable, as, for example, south of Cape 
Cod. A fairly common deposit near the edge of the slope, but occurring 
at any depth between loo and 2,500 m., is a green mud, the colour being 
due to the presence of glauconite. Lime forms about 50 per cent, of it 
and it also contains nodules of calcium phosphate. 

Rock often outcrops on the sides of the canyons (Fig. 32 b) although 
the bottom is usually covered with sediment Muds arc often found in 
them but sand, w'hich is angular in the Hudson canyon, and even pebbles 
may occur. These materials have often been dredged from the Scripps 
and La Jolla canyons in California and also from the canyon of St Tropez 
in Prov'cncc. In the latter cjuart/ pebbles, some of them ver\^ well 
rounded and often encrusted with and embedded in sandstone and 
mixed with gravel, were found between 200 and 300 m. ^pl. VI d). 

At the heads of the canyons near La Jolla, where the slopes are 
covered w'lth sand, Shepard has shown by carefpl soundings that changes 
of as much as 6 m. m three \ears may occur. These are explained by 
altcrnaiions of deposition and land'^lidcs. Finally, sediments, abnormal 
in compc .liOn and arrangement and associated with irregular relief, 
i.e. alternations of beds of sand originating from the canyon and of 
deep-sea clay, occur in the North Atlantic, especially at the mouth of 
the Hudson canyon. 'Fhey may be caused, according to Ericson, Ewing, 
and Hecv-cn, by the sliding of deposits from the floor of the canyon to 
greater depths. In Chilifornia there l^ an extensive delta at the mouth of 
the C^oronado canyon oli San Diego. 

n. NAiTRi A\n oriitIn or ini continlntal shelf 

AND •THI CONIINl NTAL SI OPfc 

What IS the nature of the continental shelf beneath it overing sedi- 
ment? The classical theory, which was based, tor wai.i of adequate 
means of investigation, on deduction alone and not on observation, 
regarded the outer part as being composed ot consolidated sediments, 
comparable with but older than those on the surtacc ot the shelf, and 
the inner part of rocks like those ot the adjacent lands thinly covered 
with sediments. I'hc inner part was, thus, an abrasion plaitorm, and 
the outer part a constructional torm built up ot material eroded during 
the formation of the inner part and material brought by rivers. The 
continental slope is thus the outer slope of this embankment of talus 
(Fig. 3 a). C'tn prograding shores and v here large rivers d'^liouch, e.g. 
the north coast of the Gulf of Mexico, there would be no abrftion 
platform, but only the outer, constructional part of the shelf. 

217 



SUBMARINB GBOMOBBROLOCY 

This idea is not entirdy wrong but needs modification, and even then 
is not valid for all continental shelves. It involves several serious 
difficulties. 

In the first place, it is highly unlikely that, apan from a few localities, 
the inner part of the shelf has been formed by wave abrasion if it is more 
than several kilometres wide. This point is discussed in the first pan of 
this book. In general, marine abrasion is of limited extent. 

The uneven relief of the platform docs not favour the idea rhat it has 
been simply formed as a delta. Low sea-levels in the Pleistocene may 
hav^ resulted both in some dissection of the platform and in irregular 
glaaal deposition. A further objection to the delta hypothesis is found 
in the outcrops of crs’stalline and Palaeozoic rocks found by Dangeard 
in the Channel, and of granite in certain Californian canyons. 

Dredging in canyons and sounding by geophysical methods (p. 197) 
allow us to get nearer to the facts. Both show that the origin of the shelf 
is not everywhere the same: in some regions it is a constructional form, 
but the sediments have been downwarped through subsidence, probably 
caused by their weight. 

The best example of a constructional form, with .subsidence of the 
sediments, is the shelf off the east coast of the I’niicd States. Numerous 
seismic soundings have shown that the Appalachian rocks, which dis- 
appear under the Mesozoic and Tertiary rocks at the ball Line, arc 
affected by a flexure which lowers them to about 900 rn. below sea-level 
at the mouth of Chesapeake Bay, and to 3>900 m. near the outer edge of 
the continental shelf. Moreover, it has rcccntl\ been established bv 
seismic work off New York that the Appalachian rocks rise again sea- 
wards, a faa not revealed by earlier soundings (l-'ig. 33 b and c). I’he 
same state of affairs has been found south of Nova Scotia and south of 
the Grand Banks of Newfoundland by Lwing’s team. I'licse facts arc 
confirmed by dredging which has established the presence, as far as the 
continental slope, of a mass of rocks ranging from CTciaccous to 
Quaternary in age, and especially by the bonng at Cape Hattcras which 
reached the Appalachian rocks. The latter proves a progressive thicken- 
ing of the Mesozoic, Tertiary, and Quaternary’ strata, as these are all 
thicker than in two other borings made farther to the west (big. 33 a;. 
The construaional nature of this shelf and ns downwarping by a sort 
of gcosy..clinial subsidence arc, therefore, definite facts. 

The weK-known coastal shelf in the north of the (iulf of Mexico is of 
the ^mc type, and has been formed of a great mass of material brought 
down by the Mississippi, which has been at lca.st partly responsible for 
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IIG SIRLl'llREOl JW C ONTIN^^NTAL MARGIN 

A C'apc H.iticras borehole 'alter Swam and Kuenen, IQSC . B Struc- 
ture ot the eimtincnial K'^rdcr i>ti New York \ alter seismic work by 
hincr\N VCor/eK Stecnland, and Press, c-G Possible tvpes ol con- 

tinental htirder c Subsulinj: t\pe as m north-east America. D Flex- 
ured tvpe as in Atri^u i Faulted t\'pe as m Queensland I I issuredn'pc 
as in Norway. G. ln>ided and possibly flexured type as in Algeria 
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its subsidence (p. ii?)- Bonngs m Loujwiina shew the same thickening 
of the sediments near the sea as at Cape Mattcras. It is more than likely 
that the region near the mouth of the Congo is also of this type the 
Cretaceous and Ternary rocks of the coastal plain arc some 2,soo- 
3,ocx) m thick and rest on a surface sloping to^^ards the sea Ihc 
evoluDon here has perhaps been more complex, since Vcatch describes 
the Cretaceous and Tcrtiars rocks as folded, faulted, and eroded \ 
douTiMarping of the Palaco/oic basement is also hkcU in the \sesicrn 
a preaches ot the English C'hanncl, which seem to he a posi-( arhoni 
tcious gcosvnchnc in which the strata increase in thickness towards tin 
edge of the continental slope f Das, Hill, I aughton, and Swallow, ic)<;f, 
Limestone, probabh ot Oligoccnc age, has been touiul on ihc smu 
continental slope at a depth ol 2,soo m Bourcari and Mane, 19s i 
In certain regions it is possible that there has been a flexure but no 
thick accumulation ot sediments Bourcart anti Jessen suggested the 
idea also adopted b\ Umbgrose, that the coiuinenial border is a /one 
of flexure (p 49"^ These authors find flexures in main regions, even 
where there arc no signs ot arn loading ot sediments on the shclt 
Grasity measurement made bv \cning Meincs/ m a submarine show 
p>ositi\e anomalies off mans coasts \ccordiiig to the gcoplusicists the 
earth consists of an outennost laser ot sial sodimcniais and granite 
rocks) and a Ia>cr of higher densits, the sima ^ha'^ic igneous rock 
below The posiusc anomalies tound bs \cning Meincs/ must, there- 
fore, indicate a great thickness ot sima on the sea-floor, while the 
neighbounng land is formed ot rcliusds light sial resting on the sum 
The unequal distribution ot smia and sial along the coasts might 
cause deep convcaion cairrcnts, leading to periodical ino\emcnis ol llie 
flexure at the edge ot the continents All this implies a doming ot the 
continent and the transference of sima beneath the continent com- 
pensated to some extent b> surface erosion Other hspoihescs to account 
for the flexure base been suggested Jc^ssen assumes a periodical c(X)ling 
of the earth, more marked under the oceans than under the continents 
This causes subsidence under tlic oceans and moscmeni ot material to 
beneath the edge of the continents, which arc thus warped up A 
marginal flexure appears probable on certain African coasts, notable otf 
Angola This would agree with the ideas ol Dresch, who thinks that the 
edges of Africa have been recently warped up and that the rivers 
cuttmg thfough them arc antecedent But a simple conimcnial flexure 
only^’explams the nature of the ocean coniincni boundary and not the 
boundary^ between continental shelf and slope We should have 10 
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postulfltC) 88 Bourcdxt and Jcsscn do, at least two t liases of flexuring, 
cither separated by a long penod of subacrial crosio.i responsible for the 
continental shelf, or characterized by a migration of the line of flexure 
towards the land. More phases of flexuring could ’w‘ad to the formaaon 
of the more deeply submerged continental borderlands (Fig. 33 d). 

A third possible type of border may be caused by step-faulting 
(Fig. 33 E) We have seen ^p 164 that Steers considers that the plat- 
form on uhich the CJrcat Barrier Reefs arc built is probably of this 
type. The coast ot the Red Sea is partl> and possibly holly of this ty^pe. 
As on the flexured margin, there mas well be a compensatory' flow of 
sima from the ocean floor to beneath the continent If the fault nearest 
the continent has a throw greater than 300 m the downthrow side will 
be so deeply submerged iliat a faulted cua^t without a continental shelf 
will be formed As in the case of a flexured margin, sedimentation plays 
no great part in the formation of the connnentol shelf, but may ha\e the 
cflect of smoothing out the irregular relief of the continental shelf The 
shebes ’ ’ lenng mountainous regions, discussed by P Birot ''p. 205), 
ma\ well be ot this t\pe, cspccialh that off (lahcia 

'I'he fissured border, to which O and H Holtedahl ha\e drawn 
attention lug 33 i , is rcall\ a \ariam 01 the step-faulted borders 
Along the old shields ot Norwax, I abrador, and Greenland, which 
haxe undergo ic recent upLli, O Holtcdal 1 has shown that outside the 
/one ot flat-bottomed depresslO^^ which cross the shelf, there is often 
a furrow parallel to t>^e coast In \orw,n, this furrow in places is more 
than 200 m deep, and separates the sirmdflat from the outer part of 
the continental shell which max be at a Icpih of 50-200 m It must hax'C 
been modified bx tlusial and glaciil cro ’ but as o . Perpendicular 
to the direction of movement ot the icc and ot no gre, ^vidth, it has 
probablx been modified less than the transverse troughs It is probably 
the result pf tissunng asso*,’ ud. with the uplift of hie land It seems 
likelx that this is genuine relict, :omparcd with the fiord 

coasts which arc more like tault-hnc scarps On the other hand, the 
continental margin oti southern Calitornia probablx consists of horsts 
and grabens parallel to the coast, but, here, no glacial uion occurred 
A folded border av oc^ur where the tolds are parallel to the coast, 
and where the foKis are Knver on the ^.on mental shelt than on the 
continent vlug 33 o' 1 he coniincnial shelf ofl eastern Algeria and 
northern Tunisia is probablv ot this i 'c, according to Bduic'art and 
Glangcaud for it consists of a senes ot parallel crests ruflning 

south-wcst-nonh-casi Phe oblong basins bctxxcen them seem to be 
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partly filled up with sediments. These folds arc possibly combined 
with a marginal flexure. 

In all these cases it is not necessary to presume that the flexure is 
recent unless the submarine canyons lead one to that view (see below). 
The flexure may be old, or possibly have Mndergone movement over a 
long period. 

It would be wise to come to the same cautious conclusion as Kuenen 
(Marine Geology y p. 169) that the problem of the shelf is still far from 
being definitely solved. The problem may be solved to some extent 
cith^ r now or in the future by the study of submarine canyons, which 
remam to be examined. 

E. ORIGIN AND EVOLUTION OF SUBMARINE CANYONS 

Canyons cannot be older than the continental shelf and slope, since they 
arc cut into it; the stratigraphy of the outer part of the shelf may be 
discovered from their steep sides. The age of the rocks dredged from 
these walls varies from place to place. In the Batnmls canyon Bourcart 
found fossihferous Middle Miocene rocks and probably older un- 
fossiliferous rocks; in the Sicie and Gissidagne canyons, olf (lassis in 
Provence, fragments of phylJitcs comparable with those of the ancient 
massif of S»cie were found. It is, therefore, theoretically possible that 
the latter two canyons are much older than the Banyuls canyon; but the 
discovery of p>cbblcs in the Saint-Tropez (p. 217) and certain other 
canyons suggests that all the canyons of the French Mediterranean 
coast arc very recent in origin. J. Bourcart dates the sandstone associated 
with the pebbles as Lower Quatemar\\ The Cape Breton trench is cut, 
at least in part, in Eocene rocks. The canyons of New England arc cut 
into the Pliocene, and those of California into late Ternary beds. It 
seems, therefore, that we must search for an explanation or explanations, 
which attribute no great age to these canyons. 

In spite of the amount of wTiting on the subjecT, the origin of canyons 
remains shrouded in mystcr\'. 'Fhe theory' of a glacial ongin is, how ever, 
untenable because of the distribution of the canyons, their V-shaped 
cross-section and their depth. They arc not due to faulting or to rifting 
except possibly the unusual Mississippi canyon which has the appear- 
ance of a aft-valley. As with fjords, it is possible that faults have guided 
their erosion, but the form of the canyons, which arc obviously crosional 
featifres with generally concave profiles, few reversed slopes, and V- 
shaped cross-sections, cannot be explained struaurally. 
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The theory that they were formed by submarine springs has been put 
forward in two forms: mechanical sapping by W. S. T. Smith and 
hollowing out by solution by D. W. Johnson. These theories are perhaps 
possible for some canyons. The cfficac>' of such processes has been 
recognized on the continents^ where they cut short canyon-like valleys. 
Solution would be more effective if the springs were hot, and could 
result in a relatively rapid hollowing out of nrn-calcareous rocks. The 
theory of hot springs was put forward to explain the Cape Breton trench, 
but the l\csidcnt-ThcoJorc-Tissicr eventually found that the tempera- 
ture of the water there was normal. It must be said that the number of 
canyons possibly owing their origin to solution by submarine springs is 
very small. For such action, there must be a series of conformable beds 
dipping seawards, so that canyons off old massifs and in folded regions, 
e.g. Provence, California, and Japan, cannot be formed in this w^ay. 
Further, springs would require a vcr\' long period to cut long canyons 
so that the hypothesis cannot apply to those off the east coast of the 
United States which arc cut into Pliocene beds. Mechanical erosion by 
springs would be moiw likely to form isolated closed depressions than 
canyons. 

'Fhc simplest explanation is that of subacrial ri\er erosion. But this 
implies cither an enormous eusiatic lowering of sea-level, or vast 
tectonic movements of the continental ma'^gm. The idea of a great fall 
in sea-level was held for a lime by Shepard, who postulated a glacio- 
custatic lowering of 1,200 m. and complementary isostatic adjustment 
of 600-800 m. There arc many ob)cctions to this theors', especially the 
enormous biological changes which should have resulted from such a 
shrinking of the oceans and the accompanving great in^'^ -'se in salinit\’; 
and the impossibility of explaining in this way the eiiterranean 
canyons as the Mediterranean could not have been loweicd bdow the 
level of the sea-floor in the Strait of Gibraltar. Such a fall in sca-level 
would have had glacial implications and would have created land 
bridges, for which there is not a shred ol faunistic evidence. Shepard 
abandoned this explanation for another in 1951 (see below). 

A diastrophic hvpothcsis is adopted by Bourcart a^d agrees with 
jessen’s theory’. According to Bourcart, canyons arc Quaternary’ river 
valleys submerged by a recent mo\cmcni of the continental marginal 
flexure, as shown in Fig. 34. This hypothesis, which is in accordance in 
Provence w’ith the borings recently ca ’cd out into the Rkcae delta 
(Beaufort and others, 1954)> has the advantage of offering an explana- 
tion of the longitudinal profiles of the canyons, which arc abnormally 
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Steep for river valleys: the profiles would not be original but steepened 
during the flexuring. Multiple movements of the flexure could account 
for the stepped profiles of the lower parts of some canyons such as that 
off the Congo: thus the number of canyon steps would represent the 
number of movements of the flexure. The canyon would, in faa, be 
polycyclic. The explanation would be easier to accept if canyons of 
apparentlj’ recent origin w’ere all concentrated in regions where large- 
scale earth movements are known to have occurred in the late Tertiary 



FIG. 34 STEtPLNING OF THF I ONG PROFIl L Ol A t ANYON 
BY PRESUMED FLEXURING 

and Quaternary* periods, as in the Mediterranean and Pacific regions, 
where canyons arc found off the Philippines, Japan, the Aleutian 
Islands, California, western Mexico, Chile, and north-cast New Ciuinca, 
or if the movement along the flexure had continued for a long time, 
as Jessen thinks happened in the Congo. It is not possible to invoke 
cither of the§e thconcs in some regions, notably on the Atlantic coast ot 
the United States, where canyons arc cut into the Pliocene and where 
there is no evidence of recent movements of any importance other than 
isostatic subsidence under the weight of sediments. Glacial isostatie 
movements arc quite insufficient as an explanation. 

The fact that most canyons arc not conneaed with continental river 
systems or with shallow- submarine valleys on the continental shelf is 
another disturbing fact. The heads of the canyons arc found at very 
variable depths even within one region such as California. Rivers arc- 
known, which begin in steep amphitheatres cut into a plateau and 
which have no connexion with the drainage of that plateau: examples 
occur in the Civennes where the ravines flowing to the Mediterranean 
have no connexion with the hcadstrcam,s of the Garonne. But in such 
cases the^ver system of the plateau flows in the opposite direction from 
thaft of the ravines. On the continental shelf, there ought to be, therefore, 
a non-entrcnched drainage directed towards the continent, but tiiis is 
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not the ease. There arc, furthermore, no signs that such a system once 
existed but has since been cither disrupted or reversed. On the con- 
trary, there is every reason for believing that coastal river systems, with 
a few exceptions, had the same direaion in the Quaternary as they have 
today, even in places where they do not end in canyons. 

Further, even when there is a subaerial valley at the head of a canyon, 
the subacrial theory encounters difficulties. Thus, in the case of the 
Salinas valley and the Monterey canyon (Fig. 32 d) the abrupt break of 
slope, which separates the two, occurs in soft sediment. Woodford 
observes that even if rejuvenation could produce an initial break of this 
kind in soft rock, the break of slope would change rapidly into a broad 
convexity. It is, therefore, unlikely that the Monterey canyon has been 
formed by the rejuvenation of the lower part of the Salinas valley. 

Another explanation invokes turbidity currents and submarine land- 
slides. Daly and Kuenen regard turbidity curre;its as having formed the 
canyons. Shephard has recourse to them in order to explain the fresh 
appearance of canyons \\hich were originally formed by another 
proccs>. 

'Fhc turbidity current theory may be summarized as follows. During 
the Quaternary glaciations, sea-Ievcl was lowered eustatically almost to 
the average heicht of the heads of the canyons, storms drove the surface 
water towards the land and stirred up grea*^ quantities of fine sediment 
on the beaches cxpxiscd by the fall in sea-level. W'ater charged with this 
mud in suspension formed compensatory currents which flowed down 
the continental slope and hollowed out the canyons. 

'This ihcor>', put forward by Daly and Kuenen. rests upon certain 
observed facts and cxp>criments, whuh in themselves • mcontestiblc. 
The density of the w ater of turbid rivers makes them plu. ' dowmwards 
where they enter lakes. 'They follow ravines m the lake doors, which, 
how ever, may be due more to an absence of sedimcn’ ition than to real 
erosion. The cxpHrrimcnts maue and filmed by Kuenen at the Geo- 
logical Institute of Groningen show clearly that turbidity currents may 
attain quite high velocities. LandNlidcs on the continental slope may be 
transformed by the addition of water into turbidity cun-ents. It their 
relative density is 2 and their tliickness 4 m., they reach a sp>ced of 
3 m. sec. in a 3 slop>c. 'The velocity I*' greater in the lower layers of 
the current than at its surface where there is turbulent mixing with 
the clear water above. Thus erosion 0* 'he bottom is faciLA*ted. The 
properties of these cairrcnts seem to be the same in salt w'ater*and 
in freshwater. Once the canyon is formed, frequent landslides arc 
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presumed to occur on its walls, and most of the material would be set 
in motion by such slides. Turbidity currents would only cause a certain 
amount of vertical erosion and thui allow landslides to continue on the 
walls of the canyons. They would also ensure the removal of material 
from the canyons. 

It is quite likely that such currents and landslides still occur today 
in certain canyons. Shepard’s measurements at the heads of the Cali* 
fomian canyons have shown that landslides occur (p. 217) and the areas 
of irregular relief at the mouths of the American Adantic canyons may 
probably be interpreted as waste fans formed by the mud-flows. If all 
the canyons were cut in unconsolidated deposits, this would be a 
satisfactory explanadon. We may assume that the slides or flows in 
certain cases are inidated cither by waves caused by earthquakes or by 
submarine earthquakes which may cause considerable changes in 
submarine relief as has been showTi in Japan. This is similar to Bucher’s 
view, although some of his premises are difficult to admit. 

Unfortunately, canyons are often cut in hard compact rocks, as in 
Provence and Corsica and in places off California. These present 
difficuldes, to which it is impossible to give a satisfacior)' solution. 

Landslides and turbidity currents satisfactorily explain the fact that 
the canyons are not filled up. Kuenen’s successful experiments have 
taught us a great deal about the detailed mechanism of these processes. 
They help to explain numerous aspeas of present and past submarine 
sedimentadon, c.g. underwater slides on the flanks of volcanoes, var\ ed 
days, slumped structures and graded bedding in the rocks of such 
places as New Zealand and Wales (sec also Chapter VIII, pp. 252-3)- 
This is why Shepard admits their great efficacy, although he refers the 
cutting of the canyons to various earlier periods and considers them to 
be river valleys submerged by subsequent earth movements. This leads 
us back to the problem of diastrophism and its attendant difficuldes. 

In one of his recent publicadons, Kuenen (1952) puts forward the 
idea that there are two types of canyons at least. Canyons like ijiosc off 
the west coast of Corsica and off the Provence and Nice coasts, which 
are cut into hard rocks, are submerged subacrial valleys. Others like 
those of New England may be formed by landslides and turbidity 
currents or be old canyons from which unconsolidated material has 
been excavated by the same processes. This seems to be the most reason- 
able conclusion that can be reached at present. 
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Chapter VIII 


THE DEEP-SEA FLOOR 


A. RELIEF AND STRUCTURE OF THE OCEAN DEPTHS, 

RIDGES, SEAMOUNTS, AND TABLEMOUNTS 

Classification of forms 

Although those parts of the oceans between 2,000 and 6,000 m. com- 
prise four-fifths of the to^al area occupied by oceans and seas, they arc 
far less well known than the continental shelf and slope, so that we are 
justified in considering them somewhat more briefly. Extensive plateaux, 
such as those of Fiji, the Bahamas, and Socotra, rise in places from the 
depths of the oceans^ Wc will not deal here with the pans above 

— 2,000 m. except where they are small isolated areas, for these often 
present the same problems as the adjacent deeps. 

Within this zone, wc may distinguish three tN'pes of relief. 

{a) Busins and troughs. Basins often have little relief, e.g. the middle 
of the north Pacific basin where a number of lines of soundings arc 
available. A comparable basin is that of the Arabian Sea, the bottom of 
which is almost level at a depth of 3,400 m. Other basins have more 
diversified relief, e.g. the north-west part of the North Atlantic basm, 
where a number of seamounts of varied form and height occur. In 
39^ N. and between 61 and 65 W. a group of such mounts rise up to 

— 1,440 m. There arc certain resemblances between the basins of the 
Atlantic and Indian Oceans: both are split in two by a central north 
south ridge. In the Atlantic the two scries of basins arc quite separate 
from the Antaraic as far north as Jan Mayen Island, except near the 
Equator where they arc joined by the Romanche trench. 1 ‘arthcr north, 
conditions arc different and the basins of Greenland, Spit/.bergen, and 
North Spitzbergen stretch right across the ocean. North of them lies 
the Arctic basin, in which very important researches carried out by 
Russian strentists have recently found two basins separated by a higli 
ridge connecting Ellesmere Land with the New Siberian Islands; a 
third smaller basin lies to the north of Alaska. In the Indian Ocean the 
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two series of basins arc discernible as far north as the latitude*of the 
southern tip of India: farther north the western basin is very narrow. 
The basins of the Pacific arc not arranged in the same way. Three large 
basins can be recognized, in the north, north-west, and south-east. The 
last, which lies close to South America, is less deep than the others and 
resembles a ridge in some ways. The part of the Pacific west of a line 
joining New Ciuinca and Japan is much mote broken up and ought not 
to be regarded as a part of the true Pacific but as a zone of bordering 
seas. Three basins may be distinguished in the Mediterranean and four 
or five in the Caribbean Sea. 

(h) RtJf;cs and rises. Such features border the basins and are usually 
less than 2,000 m. deep. Their relief is marked and they generally folloV 
a constant direction for long distances. 


The main ridges arc those which divide the Atlantic and Indian 
Oceans longitudinally, and the I.omonossovvidge in the Arctic. The 
mid-.Ailantic ridge, which is S-shapeJ in plan like the .Atlantic itself, 
starts between Bear Island and Jan .Mayen in about 73 N. 5' E., 
accordiii^ "s recent German work ''Fig. 35;. All the islands of the 
central Atlantic arc situated on it. It trends north-east-south-west as 
as Jan Maven, then north-south to a position east of Iceland. It is 
continuous Vrom there to 55 S., except for the break caused by the 
Romanchc trench. Between 30 and 40 N. it is well known from the work 
of the .American ship Atbnus Fig. 36 K- central part is formed of 
troughs and crests parallel to the general direction of the ndge. In 
places the crests reach to within 1.440 ot the ocean surface and the 
troughs are sometimes 1.500 m. lower. Flanking this zone, a senes o 
platc'^aux occurs between 2,8So and 4-<iOO m. Betwee- these plateaux 
and the Narcs trough, which extends from here to th. ermudas, is a 
mountainous zone. The German ship, dfeteer, discovered a similar 
scries of crests and troughs m the southern hemisphere. 

The ccmral ndge of the Indian Ocean is Y-shaped in Pl^n- The 
eastern, arm of the Y starts near Karachi and consists of ^ 
separated bv a deep trough: this is the .Murray 

which starts near Socotra, is much shorter. From the pom w herc^e 

arms meet, the feamre continues south-eastwards as 

ridge. It consists of two ndges at 

with a minimum of 836 m.. separated by a troug 

depth of 3.383 m. South of Rodrigue' the ndge is contir* d by the 

New Amsterdam and St Paul ridge's towards the Kerguelen p area an 

from there by the Antarctide ridge to -Mi Gauss .90 
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In both oceans comparatively minor ridges or rises separattiig the 
principal basins link up with the main ridge. The west Jan Mayen rise 
separates the Greenland and Iceland basins and is less than i,ooo m. 
deep in two places. Other examples are the Faroe-Iceland rise, which 
continues as the Wyville- Thomson ridge between the Faroes and 
Scotland, the Walfish Bay ridge, and the Cape ridge. These Atlantic 
ridges arc usually north-east-south-west like the relief on the central 
ridge, but the Faroe Iceland rise lies north-west-south-east as do the 
two ridges joining Spitzbergen to the north of Greenland. In the Indian 
Ocean, the minor ridges form a curved herringbone pattern between 
the Carlsbcrg ridge and Madagascar. The Seychelles and Mauritius 
banks lie on the main ridge and Providence Island, Farquar Island, and 
the ("osmodelo group on another ridge. 

In the Pacific there arc many north-west-south-east ridges especially 
in the south under the Tuamotu, Society, and Tubuai Islands. Such 
ridges also occur in the north, where another set running west-south- 
west-cast-north-cast crosses them between Hawaii and the Marshall 
Island^' T*'.' flanks of the Hawaii ridge have plateaux down to depths 
below 1,200 m. In the south-east of the Gulf of Alaska, there are many 
small north-east-south-west ridges with depths of less than i,oco m. 
in places. These ridges end southwards at the curious Mendocino 
escarpment, which extends from Cape Mendocino in California west- 
wards as a straight line for at least 1,200 miles. The scarp faces south 
and is 3,000 m. high in places with slopes of 7-24 (Fig. 37 c). Farther 
south arc three other large /ones of highly irregular topography, 
running roughly parallel to the Mendocino escarpment: the Murray, 
Clarion, and Clipperton’cscarpments ;Menard, 1955 )* 

(y) Stwfwufits and tablcmounts. Isolated seamounts, me of them 
several thousand metres high, arc found in various places, as for example 
between Bermuda and the mid-Atlantic ridge, and bet'vcen the Murray 
and Clario"n escarpments in the Pacific. They have the same general 
form a^ an uncroded volcanic island. The tablemounts, or guyois as 
Hess named them after a ninctccnth-ccntury American geographer, arc 
curious features first described by Hess in the nor^^-west Pacific 
between IlawLui and the Marianne Islands. They arc truncated cones 
rising 2,700-3,600 m. from the sea-floor and reaching 900-1,800 m. 
bclow^ the surface. Their summits arc almost flat and are about 15 km. 
in diameter: relief on them docs not cxr -d 70 m. The sloj^ is gentle 
from the summit to the sides of the gu>ot, at least in the area vPhere 
they wrcrc first described, but then steepens abruptly to 20 . Sometimes 
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the slope is terraced. Eniwetok atoll has been built between two 
guyots without obscuring their form. In the Gulf of Alaska, Menard 
and Dietz have also found guyots, the flat summits lying at depths of 
700-2,070 m. (Fig. 37 a). Seapeaks, without truncated summits, he 
near them. Guyots are also known in the north-east Pacific off Cali- 
fornia, N^here the flat summits are at depths of 720-500 m., in the south- 
west Pacific, and possibly in the north-west of the Indian Ocean. 

Structural interpretation. The structure of the ocean floor can be 
deduced from the velocity of seismic waves passing through it, as the 
velocitv is greater in the sima than in the siaJ. Where the bottom is 
free fn.m sediment, data can be obtained by dredging. Most of the 
atcas without sediment are the ridges and sills, so that dredging is 
mainly of use in these localities (p. 252). Seismic work, comparable with 
that done on the continental shelf, has been done on the central 
Atlantic ridge. 

Dredging, seismic sounding, and the nature of the islands on the 
central ridges of the Atlantic and Indian Oceans, show that these ridges 
are mainly basaluc, but the basalts of the Carlsberg ridge are diflcrcnt 
from those of the Deccan. On the Atlantic ridge the Americans have 
found limestone, probably of Tertiary age, and ha\e shown that the 
zone of plateaux on the west side of the ridge carries some 300 m. of 
sedimentary rocks between the parallels of 30 and 35 N. Quart/ites 
have also been found on the southern part of the ridge. In the Indian 
Ocean the Seychelles and Socotra ridges arc partly formed of granite. 
The Pacific ridges, as far as we can tell, arc basaltic beneath the coral 
formations whidi surmount them. It will be recalled that granite and 
sedimentar>^ rocks arc sial and that basalt is sima, although basalt can 
be deposited over the sial during volcanic crupuons. 

The seismic data, as recorded by several geophysicists, may be sum- 
marized as follows. The veloaty of Love waves is greater on the floor 
of the Pacific and Arcuc basms than beneath the continents; vclociucs 
on the floors of the Adantic and Indian Oceans are intermediate betw een 
those of the Paafic and those of the continents. In the western Atlantic 
Ocean the velocities are of the same order as those on the floor of the 
Pacific, but they arc much lower in the eastern Atlantic. In the Indian 
Ocean velocities arc lower in the western part than in the eastern part. 

From these facts the followmg conclusions have been reached by 
some workers. The Pacific, the western Atlantic, and the Araic basin, 
at lefist in its central part, have sima at no great depth beneath the ocean 
floor. The eastern Atlantic and the western part of the Indian Ocean arc 
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floored with sial, c.g. the Seychelles granite, although this is prJbably 
thinner than on the continents. 1 his agrees with the distribution of 
gravity anomalies (cf. Chapter VII, p. 220;. "I he true Pacific lies east of 
the Andesite line, which follows the outer edge of the Japan, Bonin, and 
Marianas trenches and then passes to the south between the Gilbert, 
Ellice, and Samoa Islands on one side and the Solomon, Fiji, Tonga, 
Kermadec, Chatham, and Macquarie Islands On the other. West of this 
line the floor of the ocean is sial and the dominant magma of andesitic 
type, this being produced through contamination with sial. Thus we 
may distinguish between true oceans, such as the Pacific east of the 
Andesite line, the western Atlantic and the Araic basin, and continental 
oceans such as the western Pacific, the eastern Atlantic, and the westerti 
Indian Ocean. 01 uncertain type arc the eastern Indian Ocean, which 
probably belongs to the true oceans, and tlic east-south-east Pacific, 
between Easier Island and the Galapagos Islands, which appears to be 
intermediate between the true and continental oceans according to the 
Capricorn expedition of 1952-3. 

It mi'si " : remembered that this distinction between true and con- 
tinental oceans rests on an interpretation with which evers^one w’ould 
not agree, so that a number of rescrs ations should be made. 

Tcixcira denies that a distinction should be made between the eastern 
and western Atlantic, as seismic data obtained by the Lisbon obsers'a- 
tor>' show^s that the velocity of Love waves in the eastern Atlantic is at 
least as great as in the west and of the same order as in the Pacific. Thus 
the cast and the west Atlantic should both be regarded as true oceans. 
Recent w'ork by Ewing’s team and Hill and Laughton also supports the 
idea that the eastern Atfantic is basaltic. West of the A’ d.esite line, in 
the south-west Pacific between New Zealand, Australia, d the Solo- 
mon and Samoa Islands, Officer thinks that the crustal thickness is 
not larger than in the southern Pacific, so that this pr’T of the Pacific 
may be a true ocean as w ell as the central part. 

Howf ver, the distribution of relief in the eastern Atlantic agrees with 
its interpretation as a continental ocean. The ridges appear to be con- 
tinuations of some of the major relief features of Africa: the Cape ridge 
appears to continue the Drakensberg escarpment, the Walfish ridge 
appears to be in line with the hills behind Mossamedes and the Congo- 
Zambesi watershed; the Guinea ridge is continued in a series of volcanic 
areas through Fernando Po, the Camcro'^ns, Adamaua, ani Hajjer el 
Khemis in Chad territory. In the Indian Ocean the Carlsberg fidge 
seems to be part of the Red Sea rift system which remains in part as a 
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trough and in part has been built up by outpourings of basalt: hence 
the dilference between the trough of the Red Sea and the Carlsbcrg 
ridge projecting up from the ocean floor. 

We must consider the justice of applying the term continental to the 
east Atlantic a little more fully. In places it has been the site of a sea 
for a very long time: a Senegal gulf has existed since the Upper Cre- 
taceous^ but in a broad view an epicontinental sea is negligible and docs 
not radically affect the issue. Much more serious arc the objections 
based on seismic soundings which, according to Weibull (quoted by 
Wiseman and Ovey), seem to indicate a great thickness of red clay in the 
deeper parts of the eastern Atlantic. As red clay accumulates so slowly 
the eastern Atlantic must have been in existence for a vcr>" long time, 
perhaps since the Silurian, and must have been very deep since red clay 
is characteristic of the deepest parts of the oceans. Nevertheless, the 
exact nature of the thick deposits on the sea-floor in this part of the 
Atlantic is still open to question. 

We must also consider a little more fully the hypothesis that the 
floor of the Pacific is sima. East of the Andesite line, with the exception 
of the Galapagos region, there is almost general agreement that this has 
always been an ocean basin. But if this is so, a considerable thickness of 
sediment should have accumulated there. Kuenen estimated this at 

3.000 m., w^hich is still much less than the thickness of sial on the con- 
tinents. This sedimentary layer beneath the Pacific may account for the 
subsidence of volcanic areas on which barrier reefs and atolls are built 
(sec Chapter III), provided that the sediments have been slowly com- 
paaed beneath the w’eight of lava erupted on to them, and not as rapidly 
as the volcanic area is built up. 

Similarly in the western Atlantic, there is certainly a covering, in 
places several kilometres thick, of sediment over the sima. In the Narcs 
trough south-east of Bermuda, seismic work by Officer, Ewing, and 
Wuenschel has shown that up to 5,500 m. of sediments or volcanic 
rocks overlie the basaltic sima (Fig. 36 a). Nevertheless, the^oho- 
rovicic discontinuity between the basalt and dunite layers is 9,000- 

12.000 m. below sea-level (3,000-6,000 m. below’ the ocean floor). This 
is much nearer to the surface than it is on the continents, where, beneath 
motmtains, it may be 30 km. or more deep. In this way we may perhaps 
reconcile the Russian conclusions about the Lomonossov ridge in the 
Arctic, ac(iM'ding to which this ridge is a part of a Mesozoic folded belt, 
and \he American views (Oliver, Ewing, and Press) about the oceanic 
structure of the central Arctic. 
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FIG. 36 MRIGTI RI AND RH IFF OF PARTS OF THE BOTTOM 
01 THE VENTRAL ATI AN TIC 
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Ho 4 / do these ideas about the ocean floors lit in with Wegener’s 
hypothesis of continental drift? The restriction of true ocean deeps to 
the western Adantic is not in itself against the drift theory. It is possible 
that the separation of Europe and Africa from America may have taken 
place at the central ridge^ because the iwcU-known structural simi- 
larities between Africa and South America are closely paralleled by the 
similarities between the southern part of the ridge and the coasts of 
Brazil and Argentina. The diflBculties are much greater on the Pacific 
coast of North America. According to Kuenen, any westward drift of 
the continent would have rucked up and folded the sediments on the 
floor of the Pacific^ but the western cordilleras of America arc not 
fbrmed of deep-sea sediments. 

It is diflScult to reconcile the permanence of the Pacific with the 
enormous outpourings of lava which occurred there at the end of 
the Tertiary. The seismic; stability of the area, which contrasts with the 
instability of its borders, does not accord with the opening up of enor- 
mous fissures on the ocean floor, whatever the mechanism responsible 
for these fissures, whether it be tear-faulting, overthrusting, or tension 
faulting resulting from folds. 

It is not necessary to imagine an ancestral Pacific of greater depth 
than the other oceans. Although it contains more deep trenches and 
fewer ridges and sills than the other oceans, the depths in the basins arc 
not much greater than those of the other oceans. 

Finally, we must be very cautious in accepting the hypothesis of tw'o 
basic types of oceans. 

The parallel crests and troughs, characteristic of some ridges, may 
be folded ranges, especially where sedimentary rocks have been dredged 
up, e.g. the mid-Atlantic ridge. According to Dietz and Menard, the 
the plateaux on the flanks of the Hawaii ridge may be erosion forms 
submerged as a result of volcanic subsidence. The same authors think 
that the elongated crests in the Gulf of Alaska arc late Tertiary or 
Quaternary folds by analogy with adjacent forms on the conuncots. But 
we are by no means sure of this. 

The problem of seamounts and guyots must be considered separately. 
The seamounts may be submarine volcanoes which have never appeared 
above the ocean surface, or which subsided so quickly that they arc 
virtually uneroded. In 1946 Hess put forward several explanations of 
guyots, but these were pure hypotheses, and it was only in 1951 and 
I952*that some concrete data were provided by dredging. Dredging was 
carried out on two guyots o£f the Californian coast (Carsola and Dietz), 
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IKi RILILI OI PARIS OF THL PACIFIC FLOOR 

A Cross-sLLtion ol j cusot \fr and a less \scll-dcfined seamount 
in the C'juH o! Ahski ^alur Menard and Dietz, 1951'' B Pre- 
sumed csoliition ol s hinannc mounts peaks and cusots m the Gulf 
ot Alaska vaticr Men. rd and Diet/, 19SD c The eastern third ot the 
Mendocino escarpment alter Menard and Dietz, I9S2\ 
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and oil those between Hawaii and the Marianas Islands, which had 
previously been explored by Hess (Hamilton). On the flat summits of 
the former, which were actually photographed, bare rock is exposed at 
the surface except for several patches of Globigerina ooze in fissures. 
This forces us to invoke the action of underwater currents to keep the 
surface clear of sediment. In addition, boulders of basalt and basalt 
encrusted with manganese dioxide were found. The basalt is of the 
normal type found in the true Pacific. The boulders were so well 
rounded that they are most likely to be the remains of a beach. On the 
other group of guyots rounded basalt pebbles were again found together 
with br saltic sands and limestone resembling that forming today on the 
bbaches of atolls. The latter was fossiliferous and included several types 
of coral, rudistids, gastropods, and one echinoid: it is a shallow-water 
fauna of Middle Cretaceous age. At the top of the flanks of the guyots 
were forms resembling cgral banks. 

These are the faas on which any hypothesis must be based. The 
guyots are most likely to be old eroded volcanoes, as Hess thought in 
1946. This means that they must have reached the surface at some time. 
But we can no longer believe that they never supported coral reefs even 
in warm seas. Hess, who adopted this idea, was forced to regard them 
as pre-Cambrian, i.c. as being formed before any corals existed. The 
guyots in the western part of the central Pacific were probably volcanic 
cones truncated by the sea, panly covered with coral during the Cre- 
taceous, and later subject to rapid subsidence which took them below 
the level of coral growth. On the other hand one of the guyots in the 
Gulf of Alaska is unusually deep (2,500 m.) and lies in the Aleutian 
trench, which leads us to suspect that this guyot was formed before the 
trench, i.c. before the Tcrtiar>’. The mechanism responsible for the 
rapid subsidence of the guyots is probably to be found in the over- 
loading of the ocean floor caused by the volcanoes. The subsidence in 
tropical seas must have been too rapid for coral growth to keep pace 
with it, cf. the relative rates of subsidence and coral growth populated 
by Darwin in his explanation of atolls. Fig. 37 b illustrates the proposed 
evolution of the guyots in the Gulf of Alaska. 


B. TRENCHES AND ASSOCIATED lEATURES 
Morphologidal characters 

The benches demand special attention although they occupy only about 
I per cent, of the total sea area. 


244 



THE DEEP-SEA FLOOR 


They attain surprising depths: 10,863 ^he Marianas il-ench, 

10,790 m. in the Tonga trench, 10,504 m. in the Philippine trench, and 
10,377 m. in the Kuril -Kamchatka trench. Each seems to consist of a 
series of closed basins, and they arc all narrow, long, and generally 
cur\'ed. Their distribution is peculiar as they arc always near the margin 
of the oceans, the majority being on the Asiatic side of the Pacific 
between the Aleutians and the Kcrmadcc Islands. The six trenches not 
in this zone include three off the coasts of Peru and Chile, which are 
not quite as deep as the others, the Java trench in the Indian Ocean, and 
the Porto Rico and South Sandwich trenches in the Atlantic. Except for 
those off Peru and Chile, they are associated with volcanic island arcs, 
which lie between them and the continental masses. Between the^e 
volcanic arcs and the continents are basins up to 2,600 m. or more in 
depth, e.g. the Caribbean and New Britain basins. There is often a 
broad uplift of the ocean floor between the trenches and the open 
oceans (Fig. 38 a). In some cases, the paticrn is more complex. There 
may be two associated island arcs, only the one farthest from the trench 
being volcanic as in the Ryukyu archipelago. Indonesia is even more 
complex (Pig. 38 b)- Ihc arrangement here from the ocean to the 
continent consists of the ocean basin, an oute^ trench, a non-volcanic 
island arc, an inner trench, a volcanic island arc through Sumatra and 
Java, another basin, and the old shield ot Borneo. The additional com- 
plications present in the cast of Indonesia and the Philippines \sill be 
dealt witli later. 


Geophysical evidence 

Both gravity anomalies and the positions of the ucep foci of earth- 
quakes provide useful evidence. 

Gravin' anomalies (l-ig. 39 n' arc sulTicicntly well know Ji a number 
of places* for us to recognize two patterns corresponding to different 
morphological types. 

The ftormal tvpe shows a negative anomaly over the trench or on its 
inner flank and a positive anomaly on the island arc. This type occurs 
in the Antilles. Yap, Guam, and from the Bonin Islands to Hokkaido. 
It corresponds with the sequence— simple trench, volcaiuc arc, inner 

basin. i . u. 

The complex tyj-K: of Indonesia includes a positive anomaly over the 

ocean and the outer part of the trench, a negative anomaly mi .he non- 
volcanic arc, and a positive anomaly on th. nner deep and the voltanic 

arc. 
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Furthermore, all deep-seated earthquakes (300-700 km.) are ^ssoci- 
ated with the trenches, with the single exception of the Hindu Kush 
ones. These earthquakes, and the shallower ones associated with them, 
do not have their foci on a vertical plane but a surface inclined at 
30-55 from the horizontal sloping down from the bottoms of the 
trenches towards the continents. This has been observed all round the 
Pacific including the Chile -Peru area. For example, the earthquakes 
associated with the Kurile arc originate under the Sea of Okhotsk 
between the Soya Strait and the west coast of Kamchatka. The zone of 
instability has the form of an oblique cut w'hich descends from the 
bottom of the trench in simple examples to a depth of 700 km., i.e. 
onc-tenth of the radius of the earth (Fig. 39 d). The depth of the 
trenches is thus a mere fraction of the depth of the discontinuities at the 
end of which they occur. 

Interpretation 

There is no point in summarizing all the older theories about trenches, 
since they w'erc formulated before adequate geophysical data had been 
obtain:::. I.i ^be present state of knowledge, the best explanation of 
trenches is perhaps provided by the theories of Umbgrovc and Vening 
Meinesz. 

In the simple type, the negative anomaly on the trench shows that 
there is an abnormal thickness of low-dcnsity sial there. This agrees 
with the general picture of true and continental oceans given above, 
because the Andesite line, which marks the limit of the true Pacific, 
passes to the east of the trenches. This concentration of sial is thought to 
be related to a sinking of the crust where the oblique shear-zone meets 
the ocean floor (Fig. 39 a): the shear-zone may be due :: he overriding 
of the continents, to some sort of flow structure or to v. ivection cur- 
rents in the interior of the earth. This downwarping of the sial is the 
basic cau;^ of gcosynclines or tectogencs. The sima is forced aw'ay from 
the trench, especially inward towards the continent. The sima forced 

FIG. 3S Tin: TWO MAIN TYPES OF DEEP TRENCHES 

A. Simple t>T*c near Yap and Palaos (after Hess). Contour intcn'al, 
soo fathoms. Irofft rieht to left', raised part of ocean floor in front of 
trench; trench; volcanic arc; inner basin. 

R. C:omplcx Indonesian type (after Umbgrovc and Vening Meinesz). 
I . Outer trenches. 2. Negative gravity anomaly on outer non-f anic arc. 
3. “Intramontanc” troughs. 4. Volcanoes, nainly on inner arc. 5.*Inner 
basins. 6. Farihquakc toci below’ 500 km. 7. Land. 
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towards the ocean results only in the slight upheaval of the ocean floor 
outside the trench. The bulk of sima which is forced landwards^domes 
up the sial on the ocean floor there until it appears above the surface of 
the sea. This causes both the positive gravity anomaly and the appear- 
ance of the island arc, ruptures in which are followed by outpourings 
of andesitic lavas. Inside the arc there is a relative subsidence in the 
inner basin, as the sima is spread out and less active. As the arc rises, 
subacrial erosion acts on it and submarine landslips may occur. This 
leads to a thickening of the sial on the inner side of the trench, which is 
responsible for the fact that the negative anomaly is sometimes on this 
side of the trench and not in its centre. This theory also explains why 
coral reefs west of the Andesite line are often uplifted, w’hile those^to 
the east have subsided for reasons stated above. Simple patterns of this 
sort arc found in the Japan, Bonin, Marianas, Yap, and Tonga- 
Kermadcc trenches, and possibly in the Philippine trench. We need 
more gravity data before we can classify the New Britain, New Hebrides, 
Kurile, and South Sandwich trencher. 

The Chile and Peru trenches are somewhat anomalous. They are 
conccic vv^vv^rds the oceans, whereas all the others are convex except 
the Tonga Kcrmadec trench, which appears to be straight. They are 
relatively shallow and there is no associated island arc. But the concavity 
may be explained by their being nipped between two continental blocks, 
as the Pacific is probably not a true ocean in this part. The Andes take 
the place of the volcanic island arc. As there is a deep-seated thrust zone, 
they may be included in the simple type. 

We can arrive at a satisfactory explanation of Indonesia, if we assume 
that it has passed the simple stage and has reached a more complex 
phase of evolution (Fig. 38 B and 39 r} Here the or ’ t non-volcamc 
arc corresponds with the outer trench in the simple type s is shown by 
the negative gravity anomaly, for the outer trench of the complex type 
has a poshivc anomaly. The outer non* volcanic arc represents a moun- 
tain range rising from the geosyncline. Thus, if we neglect compli- 
cations such as the folding of sediments in the inner basin, we may 
assume that a geosyncline was originally formed by compression and 
that when this pressure was released the sima moved br.ck and forced 
up the geosynchnical sediments of the tectogcnc as a non-volcanic arc. 
The release of pressi]»-e is also accompanied by a phase of quiescence of 
the volcanoes of the inner arc. The external trench is, therefore, not a 
true trench from the gcophvsical point f view, as it is not Mtu;j|[cd at 
the end of an oblique thrust zone. 
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Gn^vity anomalies are also very useful in the interpretation of the 
complex area of eastern Indonesia between Celebes and New Guinea. 
Measurements made by Vening Meinesz, and the position of deep- 
seated earthquake foci, allow a comparatively simple interpretation of 
the area. The puzzling features are (i) the way in which the Philippines 
link up with the rest and (2) the volcanoes of Halmahera which are on 
the wrong side of the tectogene. The sinuous form of the latter may be 
due to compression bet^xen the continental masses of Sunda and 
Melanesia. 

The probability of the theory is increased by the presence in Timor 
of deep-water sediments: Fig. 38 B shows that the island is in the zone of 
negative anomalies and that the rocks were originally in the bottom 
of the trench. 

Similar considerations seem to lead us to class the Lesser Antilles as 
intermediate between the simple and Indonesian types. The negative 
anomalies are on the trench in front of the volcanic islands, and on 
Barbados, which contains deep-w’ater sediments. Barbados, like Timor, 
would thus represent a range rising from the gcos>Ticline. But here 
Ewing and Worzel do not agree with Vening Mcinesz’s interpretation: 
according to their measurements, the sial is not thick beneath the 
Caribbean Sea, the Mohorovicic discontinuity lying at only 12,000 m. 
under it and at 16,000 m. under the trench. For the Indonesian archi- 
pelago, the validity of Vening Meinesz’s explanation has not been 
questioned by these American scientists. 

For the Aleutian area, another possible explanation, including wo 
oblique shear-zones on both sides of the island ridge, was recently put 
forward by Gates and Gibson, who gave a verj accurate description of 
the submarine topography of this region. 

We must finally examine the complex which stretches from Japan to 
the Palaos and to the Philippines (Fig. 39 c). This area is unique because 
there are tw’o parallel scries of trenches and volcanic areas. The outer 
stretches through Japan, Bonin, the Marianas, Yap, and Palaos, the 
inner through the Philippines and Ryuk>Tj. Further, between the island 
arcs of the outer trenches in the nonh and the inner trenches, is a series 
of ridges which either break the surface or are at no great depth below 
it. Towards the south these become the island arcs associated with 
the outer trenches, and thus overlap the arcs associated with those 
trenches in^thc north. We have seen that all the outer trench island-arc 
systems are simple, while the Ryukyu would be of Indonesian type. We 
may, therefore, regard the outer systems, which develop successively 
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and not along one line, as more recent than the inner systems. fTherc 
may be a third older and completely filled tectogenc through Korea 
and Shantung. It is, however, unlikely, as one could expect, that the 
Philippines arc of Indonesian type. 

The theories stated abovciarc not the only ones which attempt to 
explain island-arc systems. We must draw attention to the theory of 
van Benunclcn, w^hich depends to some extent on the earlier ideas of 
Stillc, Kober, and Kraus. It has recourse not to thrusting but to geo- 
chemical processes associated with volcanicity, which cause vertical 
and not horizontal movements. According to this theory mountain 
building and volcanicity start in the centre of the geosyncline, which later 
becomes quiescent when two lines of mountain building and volcanicity 
break out on the flanks and move outwards (Fig. 39 e). This theor>’ has 
the advantage of giving a better explanation of certain features in the 
Philippines, as Luzon includes an internal .volcanic arc and a non- 
volcanic arc on its Asian side running through Palawan. But the thcor>’ 
presents two great difficulties. It does not explain why trenches occur 
only outside the arc's, since it regards the structure as s>Tnmetrical, 
unless the inner basins arc taken as the equivalent of the outer trenches, 
which is unsatisfactory as the form and depth of the two are both very 
different. It also leaves unexplained the inclined thrust surfaces on 
which the earthquakes originate and this is an essential part of these 
structures. On the whole the thcors* of UmOgrove and Vening Meinesz 
seems much more satisfactory. 

The trenches, which almost take our study into tlic earth’s interior, 
may also lead us back to the continents, for the negative anomalies of 
the Indonesian gcosynclinc arc continued through lb'* Nicobar and 
Andaman Islands into Burma; and the AicL^dan trenen . is in Yakutat 
Bay in Alaska. Finally, the presence of island-arc mou itains on the 
edges of the trenches, \shich make a diifercnce in elevation of 12,600 m. 
in 125 km. off Mindanao, shows the essential continuity of the land and 
ocean relief. 


C. PEl AUIC DErOSITS 
SeJimcrttiitnyn in relation (0 cni ironmcnt 

Beyond the bathval zone on the continental slope lies the abyssal zone, 
which includes the deep parts of the oceans and the trenches. But 
depth is not the only nor the main factor affecting sedimeK?^! on. The 
distance from the land is also of great imi jrtance. Vi c may separtte an 
hcmipclagic-abyssal environment, lying within 200 or 300 km. of 
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the lavd, from a pelagic-abyssal environment, farther out to sea. In 
the former zone the effect of the land is shown more strongly in the 
nature and calibre of the sediments, so that there is a much greater 
chance of meeting terrigenous sediments even as coarse as sand. In the 
deeps of Indonesia, which all lie near the land, terrigenous sediment is 
abundant. Thus we may find coarser sediments in the deep trenches 
than in much shallower areas of the Pacific far away from land. It is, 
therefore, dangerous, though sometimes possible, to deduce the depth 
at which sediment was laid down from its facies: hence, we have not 
used the title ‘abyssal sedimentation’, for this section. In general, dis- 
tance f om the land is more important than depth, although the two 
often go together. 

The pelagic environment is not entirely one of still water. Banks far 
from land are affected by waves: hence, depth is also important. But 
even in bathyal or abyssal conditions, there may be appreciable move- 
ment in the sea. Guyots and ridges, as Kuenen says, arc frequently 
covered with coarse material such as sand, and even gravel, at depths of 
several hundred metres. In Indonesia the bottoms of some straits are 
swept by strong currents at depths of 1,000-2,000 m. so that only solid 
rock and shingle are left there. Slower but more widespread currents 
flow on the sea-bottom and explain why the deposition of fine material 
does not take place even on little- marked sills. Off south California, 
according to Shepard, a corcr was broken on hard rock at a depth of 
3,600 m. Rock occurs on the bottom near the Canaries at 2,000 m. 

Submarine landslides, mudflows, and turbidity currents from the 
continental slope may also affect the deep areas and give rise to mixed 
and abnormally bedded sediments. Deposits, thought to have been 
derived from the Hudson canyon by Ericson, Ewing, and Heezen 
(p. 217), have been found at depths of 4,370-4,940 m. 

According to the same authors and Kuenen, the 1929 earthquakes on 
the Grand Banks of Newfoundland triggered off a great slide on the 
continental slope, which became a turbidity current and travelled more 
than 450 miles, breaking submarine cables on the way. Some doubt 
was raised by KuUenberg and Shepard about the reality of such a cur- 
rent off the Grand Banks, and, in the latter’s opinion, landslides pro- 
vide a better explanation for this and for other submarine features 
described bjf him in front of the Mississippi delta. But the turbidity cur- 
rent hypothesis has been put forward again more recently to explain 
the br;^k of five cables on the floor of the Mediterranean, following 
the violent earthquake near Orlcansvillc, Algeria, on 9th September 
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1 954 * 1 urbidity currents are a good explanation of sandy layers r^orted 
by Bourcart from a deep-sea core here. Moreover, soundings have 
shown that on the ocean floor south-east of Ceylon and also off Cali- 
fornia there are long shallow channels, sometimes in line with sub- 
marine canyons, bounded Ijy ridges comparable with the levees of 
normal rivers. American authors tend to regard these as the result of 
turbidity currents, some of the material in suspension having been 
deposited at the sides. 

Icebergs also deposit erratic material of all sizes when they melt, and 
the sea-floor round Antarctica is dotted with morainic material. In core 
samples from these seas the glacial phases may be recognized from the 
material brought by the icebergs. Data from the north of the Ross Sea 
have show'n that the glaciations correspond with those of the northern 
hemisphere. Large pieces of volcanic pumice may float a considerable 
distance before sinking and thus be found far from the land. 

But the exceptions must not be over-emphasized. The pelagic zone 
below’ a few hundred metres suffers little movement: it is essentially the 
zone of fine sedimentation as a result of distance from the land (for 
settling veio^^Kies, sec p. 24^: coarse material occurs here only as the 
result of peculiar conditions, and will sooner or later be covered with 
fine sediment. 

An unusual environment is the cuxmic or Black Sea ts’pe, where 
stagnation leads to a lack of oxygen and th^ presence of only anaerobic 
bacteria at depth. The Black Sea itself is the best example, but certain 
Indonesian basins such as the Sulu basin and the south of the Celebes 
basin possess somewhat similar conditions. All areas of this type are not 
pelagic, since some occlir in the depressions in the Norwegian fjords 
very near the land. 

Types of Jc poults 

There arc* scarcely any terrigenous depoMis, apart from red clay, which 
arc pe<^uliar to the areas considered here. The bottom often has a high 
proportion of such material, but it is not so ven»' different from other 
deposits which occur nearer the coasts at shallower deptlis. 

For instance, blue mud, which becomes grey on drying, is met at all 
depths from o to somewhat less than 5,000 m., especially in the Atlantic 
w’hcre it covers 4 million sq. miles, in the Paeific (3 million sq. miles), 
and the Southern Ocean million sq. miles). Terrigenous material 
on the average makes up 75 cent, of 11. whole, but tends to decrease 
with depth. 
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Bla^k mud> the colour being due to iron sulphide and organic matter, 
also has a large vertical distribution. At depth, it is associated with the 
sort of conditions experienced in the Black Sea, and may be considered 
as an extreme form of coastal and estuarine mud. In the Black Sea 
sapropelitic muds contain 30 per cent, qf unreduced organic matter. 
These muds contain much hydrogen sulphide and consequently stink. 
Hydrocarbons are formed in such areas. 

Volcanic muds are common round Indonesia, where there arc many 
active volcanoes. The Snellius expedition showed that they predominate 
over large areas in the Celebes basin and in the Flores depression to 
below 5,000 m. and even beyond 300 km. from the land. They arc 
f»und m smaller quantities much farther from volcanoes: it is well 
kno\^ii that the 1883 eruption of Krakatoa spread ash over the whole of 
the earth’s surface. Submarine lava flows, which cool and consolidate 
in the form of pillow-lava, may be the cause of certain rock-floored 
deeps. 

More curious arc the deep-sea sands, which may contain up to more 
than 50 {>er cent, of fine or even medium sand (i mm.) formed mainly 
of terrigenous elements. They are found mainly in the Atlantic and 
down to below 7,000 m, in the deep Romanchc trench. Unworn sand 
found at depths of about 4,300 m. near the Canaries is interpreted by 
Mile Duplaix and A. Caillcux as the result of a series of volcanic erup- 
tions. Sands off the coast of Sahara, which often show' as great a degree 
of wind abrasion as the sand of the desert of Mauretania (Duplaix and 
Cailleux), could be explained by wind action but for the size of the 
grains, which range up to 07 mm. They may be due to turbidity 
currents or submarine landslides carrying 16 great depths material 
originally deposited in shallow w^atcr by sandstorms. The sands in the 
Romanchc trench, which are very angular, have been explained by 
certain authors as the result of the fragmentauon of abyssal rocks by 
tectonic forces (?). 

But these terrigenous deposits only cover a small part of thg ocean 
floors. Organic deposits and red clay arc much more widespread and 
cover 74 per cent, of the whole ocean floors. They include calcareous 
Globigcrina and Pteropod oozes and siliceous Radiolarian and Diatom 
oozes (Fig. 40). The calcareous or siliceous nature depends on the 
nature of the skeletons of the organisms forming the deposits. 

Globigerina ooze covers 35 pev cent, of the ocean floors and is made up 
of tha skeletons of foraminifera. It is the most widespread deposit in the 
Atlantic, where it covers half the ocean floor, excluding the adjacent 
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seas but including the ncritic and bathyal zones of the Atlantic |f“oper. 

It is equally predominant in the south-east and south-west of the 
Pacific, and in the west of the Indian Ocean. Globigerina ooze is 
defined as consisting of more than 30 per cent. Globigerina tests: thus 
some Globigerina ooze may contain predominantly terrigenous material 
and some predominantly red clay. The calcareous content averages 
65 per cent, and may reach 97 per cent. Part of the calcium carbonate 
seems to be a chemical precipitate. Globigerina ooze is rarely en- 
countered below 5,000 m. 

Pteropod ooze is rare and covers only i per cent, of the ocean floors. 

It covers a narrow north-south strip in the middle of the south Atlantic 
and several small areas off Brazil and in the north Atlantic. Pteropois 
rarely form 30 per cent, of the deposit by weight. The calcareous content 
averages 74 per cent. It is found between 1,500 and 3,000 m. 

Radiolarian ooze is almost as rare and covers only 1-2 per cent, of the 
ocean floors, principally in an cast-west strip north of the Equator in 
the Pacific. It contains 20-70 per cent, of Radiolarian tests. The cal- 
careous content vanes between 4 and 20 per cent. It is characteristic of 
great depths. 

Diatom ooze, covering 9 per cent; of the ocean floors, is found in high 
southern latitudes and in the nortli of the Pacific, as it is a cold-sea 
deposit. It contains 3-25 per cent, of mineral mauer, largely derived 
from floating ice. Diatoms someumes make up more than 90 per cent, 
of the deposit. According to the ValJivia reports, the calcareous content 
is 27-24 per cent. 

Red c/jv, which covers 28 per cent, of the ocean floors and must not 
be confused with the rci mud of the continental shelf of »^he Guianas, 
is c'sscntially a deep-sea pelagic deposit, it covers most ^ the north 
Pacific, the centre of the soutli Pacific, the deeper parts of the main 
Atlantic basins and depressions, and the cast of the Indian Ocean. It 
usually, therefore, occurs in the deepest parts of the oceans. From the 
sample^ obtained there it may also occur in the Arctic basin, apart from 
the Lomonossov ridge where the deposits are coarser. It is finer than 
the organic oozes (it contains 85-S6 per cent, of material less than 
0 05 mm. in diameter, whereas Radiolarian ooze contains 40 per cent. 
Diatom ooze, 16-20 per cent., Globigerina ooze, 28-31 per cent., and 
Pteropod ooze, 20 per cent.). In addition it contains manganese nodules, 
which may exceed 10 cm. in diameter bones of w^halc%, ; umce, 
material dropped bv glaciers and floatuig trees, and a few Tests 
of foraminifera. Diatoms, and Radiolaria, The average calcareous 
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contact is 7-10 per cent, and the maximum 29 per cent. Spectrographic 
analysis has shown that the bulk of the clay is not volcanic or meteoric 
matter, as had been previously thought, but clay nuncrals. These are 



probably denved from subacnal weathering and did not settle nearer 
land because they were so fine. Red clay is thus a terrigenous deposit of 
a peculiar charaacr. 

The followmg is the distribuuon and average depth of organic oozes 
and red clay, according to Sverdrup, Johnson, and I’leming 
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Average 
depth (m?) 

Pteropod ooze . 

Globigcrina ooze 
Diatom ooze 
Radiolarian ooze 
Red clay . 

Rate of deposition 

The rate of deposition may be determined from cores, provided that 
the age of the material is known. "1 he age may be determined in several 
ways: by the recognition of glacial phases in the cores; recognition of the 
ash of eruptions of known date (this method was used in the Molucca^j); 
from the presence of annual varves (this has been done in the Black Sea 
and the Gulf of California); and radioaaive measurements of the sedi- 
ments, etc. The compression caused by the corer has also to be taken 
into account. Shepard and Kuenen estimate this at about 40 per cent., 
so that a 3-m. core represents about 4 m. of unconsolidated sediment on 
the sea-floor, but only 2 4 m. of consolidated rock into which it will be 
transfoimcd wMh time. 

The rate of sedimentation, especially of red clay, in the deepest parts 
is generally extremely slow'. The various methods used give rates of 
roughly the same order. According to Kuenen the rate of deposition 
of unconsolidated red clay is 0-4-1 3 cm. per 1,000 years, depending 
on the methods of age determination; for Globigcrina ooze it is o-8- 
4 cm.; and 0-7 cm. for Diatom ooze, the last being based on the recog- 
nition of glacial phases. Shepard, from a variety of sources, gives 
0-6 cm. per 1,000 years for red clay and 1 cm. for Globigerma ooze. The 
rates var\’ with locality even if the same method is used 1 ut the maxi- 
mum rate of accumulation of Globigcrina ooze in the rth Atlantic 
cannot exceed 4 cm. per 1,000 years. The rates only increase greatly 
when theft is much terrigenous matcnal, other than iCd clay. In four 
locahtics in the Flores depression the Snclhiis expedition found an 
average accumulation of 23 cmt. in 115 years, since the eruption of 
Tampora in 1815, i.e. a deposition of 2 m. per 1,000 years; but at 
one of the four stations Cilobigenna ooze would have */iadc up only 
0-9 mm. of this 1,000-ycar total. This area is transitional to the neridc 
areas where sedimentation is even more rapid, c.g. 5 m. per 1,000 years 
at the entrance to the Clyde. 'Fhc great ocean depths arc obyously not, 
therefore, the sites of future mountaii ±ains, material tor \^ihich 
is accumulated either on subsiding continental shelves, or on the 
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contii|pital slope, or at the edge of the deep trenches, where subaerial 
erosion, corals, submarine landslides, and finally subacrial volcanoes 
provide abundant material. 

Problems of distribution 

The distribution of organic oozes may be partly explained by the 
environment preferred by the organisms which form them. Globi- 
gerinae live mainly in w^arm water. Diatoms frequent cold water and 
withstand freezing in certain cases. Radiolaria require warmer water 
than Globigerina. Hence the presence of ooze derived from them in the 
zone the North Equatorial Current of the Pacific Ocean. 

^Because of the temperatures to which different species of foramini- 
fera are adapted, oozes derived from them are of great importance in 
the study of the Pleistocene. Most of these creatures live at depths of 
less than loo m. Thus the climatic changes of the Pleistocene should 
have aflfeaed the water where they live and be reflected in the forami- 
niferal deposits of the sea-floors. Interpretations of this sort have been 
made of cores taken from low latitudes in the north and south Atlantic, 
the Caribbean, the Indian Ocean, the Arctic Ocean, etc. One core taken 
with a KuUenberg corer from the Caribbean at a depth of 4,700 m. 
showed eleven or twelve changes from tropical to temperate conditions 
in 1 5 40 m. These are attributed to Pleistocene glacial phases. The 
second interglacial is probably represented by a warm fauna extending 
over a considerable part of the middle of the core. Comparable results 
have been obtained from other seas. This is one of the most promising 
fields of oceanography, for, by it, it may be possible to establish which 
sills were uncovered by the sea and so detelmine the extent of the 
eustatic changes of sea-level. However, the effea of submarine land- 
slips must be guarded against in the interpretation of cores. 

But the distribution of the two most important organic deposits, 
Globigerina and Diatom oozes, is probably not only related to the rela- 
tive abundance of these organisms in the sea. The way in yhich a 
deposit principally of red clay is formed is also a problem, because the 
rate of deposition of organic oozes is generally much greater. 

We meet here a further aspect of the problem of the solution of 
calcium carbonate in sea-water, already discussed in the first chapter 
(pp. 27-9])^ To explain the distribution of Diatom and Globigerina 
oozes, Sverdrup, Johnson, and Fleming invoke the following processes. 
It bes been shown that most of the bonom water of the Pacific and 
Indian Oceans and much of that of the Atlantic is derived from the 
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AiitRrctic> where it is formed at the surface, sinks and spreads as far as 
low latitudes. This water passes over the Diatom ooze first and di^olves 
the calcareous tests deposited there: thus the siliceous Diatom oozes are 
thought to be residual dejx>sits. As the water moves to lower latitudes, 
it contains more and more calcium carbonate. By the time that it 
reaches the Cilobigcrina areas it is saturated or even to some degree 
supersaturated with calcium carbonate, so that Globigerina ooze ran 
accumulate in middle and low latitudes witiiout the calcareous tests 
being dissolved. 

7 he same authors offer a general explanation for the almost complete 
absence of calcareous tests in the red clay. In the Pacific, the deep circu- 
lation is very slow, from the south to the north and then back to the 
south, for there is, in contrast to the north Atlantic, practically no sink- 
ing of surface water m the north Pacific to spread out into low latitudes. 
During its long slow movement the oxygen content of the water de- 
creases and its content increases from south to north. Thus, beyond 
a certain point, calcareous tests can be dissolved as the result of the 
abundance of COj: hence the scarcity^ of Globigerina ooze and the 
abundunu-w of red cla\ and Diatom ooze in the northern half of the 
Pacific, The smaller proportion of red clay in the Atlantic is thought to 
be caused by the higher lime content of Atlantic water: the reason for 
this remains to be discovered. If the contrast in lime content really 
exists, the distribution of Globigerina ooz^ and red clay in the Atlantic 
is partly explicable, for red clay is confined to the deepest parts, where 
solution, as Kuenen says, has the greatest chance of occurring for 
several reasons: the longer the time taken for a test to fall to the bottom, 
the greater is the chance* of its being dissolved, while the low tempera- 
ture, low salinity, and probably the increase in pressure ’vill all help the 
action of solution. These may also be the reasons for ti fact that sih- 
ceous oozes are found at greater average depths than caicareous oozes 
(sec table on p. 257). 

The problems of the chemistry’ of sea-w’atf'r will probably be solved 
only gradually, because the methods of investigation are slow and difli- 
cult and many obscr\’ations arc required. In this, as well as in other 
aspects of oceanography, there is need tor team work and for the com- 
parison of results by spcciali>is well versed m tlicir techniques. 
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Rhone delta, 115, 116, 223 
Ria, 153 seq., 164, 174, I79» 186 
Ride de plage, 81 
Ridges, 16, 42, 80 

submarine, 202, 235 seq. 
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